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Introduction

The purpose of this project is to: 1) Examine the incidence and clinical significance of AKT2
alterations in breast cancer, 2) Define the functional interaction between AKT2 and APBP and role of
AKT2/APBP in mammary epithelial cell transformation and 3) Determine the FTIs as an inhibitor of AKT2
pathway for breast cancer intervention.

Body:

During the last budget year, we have mainly focused on the functional interaction between APBP and AKT2
and the downstream target of APBP (Aim II).

1. AKT2 interaction protein APBP mediates AKT2 survival signal through activation of PAK1.

It has been shown that AKT2 exerts its cell survival through induction of p21-activated kinase- 1 (PAK1)
activity and direct (AKT2-Bad) and indirect (AKT2-PAK1-Bad) phosphorylation of Bad (3-5). However,
the mechanism by which AKT2 activates PAK1 is currently unclear. Using yeast two-hybrid system, we
have identified an AKT2 interaction protein, APBP. Sequence analyses revealed that APBP possesses four
AKT2 phosphorylation consensus sites (RXRXXS/T) and three SH3 domains. APBP coimmunoprecipitates
with AKT2. C-terminal regulatory region of AKT2 and the first two SH3 domains of APBP are required for
their interaction. AKT2 phosphorylates APBP in vitro and in vivo. Expression of constitutively activated
AKT2 and APBP or APBP alone induces PAKI activity (Fig. 1). APBP alone is enough to protect cells
from apoptosis induced by DNA damage reagent and ectopic expression of Bad (Fig. 2). However, APBP-
4A mutant, prepared by converting four AKT2 phosphorylation sites to alanines, attenuated constitutively
activated AKT2-induced PAK1 activation and partially abolished AKT2 phosphorylation of Bad (Fig. 2).
These data indicate that APBP, an AKT2 substrate, mediates AKT2-induced PAKI activation and Bad
phosphorylation, and thus may play a pivotal role in AKT2 survival pathway.
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Fig 1. APBPactivates PAK] and induces BAD phosphorylation at Serll2 and Ser136. (A) Using GST fused SH3 of
APBPto pull down Myc-PAK1 transfected cos 7 cell lysates. GST and GST-Nck are used for the negative and positive
control. (B) Transfection Myc-PAKI with active AKT2 and/or WT- APBPor mt- APoB. Immunoprecipitated PAK],
using anti-Myc antibody, is incubated with MBP as substrate. Lower panels show PAK] and APBPprotein expression
using anti-Myc and anti-FLAG antibodies. (C) Different doses (1 or 4 ug) of three GST-fusion SH3 domains of APBPis
used to incubate with myc-PAK1 and MBP with radioactive A TP and run the SDS-PA GE. Low panel show protein
level of PAK1. PAK] cotransfection with FLAG-BAD (D) or HA-BAD (E) and AKT2 and WT- APBPor mt- APcB. Cell
lysates are immunoprecipitated with anti-FLAG (D) or (E) and run SDS-PA GE, probe filters with anti-Sl 12 and anti-
S136 BAD phosphorylation antibodies. Anti-FLAG or anti-HA antibodies are used to detect FLAG-tagged or HA-
tagged BAD.
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Fig 2. APBPprotects cell from overexpressed-BAD or drugs-induced cell death. (A) Overexpress BAD with or
without APBPin HEK293 cells. The cells were serum starvated for 24 hour and TUNEL assay was used to analyse cell
death. (B) Co-transfection APBPand PAK] with or without BAD in HEK293 cells and trypan blue exclusion is used to
assay after 24-hour serum starvation. (C) 3H incorporation was used to measure DNA synthesis in WT- APBPor mt-
APBPstably transfected HeLa cells. (D) MTS assay was used to measure cell viability in WT-APBPand mt-APBPstable
transfected HeLa cells treated with VP1 6, Doxorubicin or Staurosporine. All the experiments are repeated three times.
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2. AKT2 is activated by cellular stress- and TNFa and the activated AKT2 inhibits JNK and p38
activities through activation of the NFKB pathway in human epithelial cells. Previous studies have
demonstrated that AKT1 and AKT3 are activated by heat shock and oxidative stress via both
phosphatidylinositol 3-kinase (PI3K)-dependent and -independent pathways (6). However, the activation
and role of AKT2 in the stress response have not been fully elucidated. In this study, we show that AKT2 in
epithelial cells is activated by UV-C irradiation, heat shock, and hyperosmolarity, as well as by tumor
necrosis factor a (TNFc) through P13K-dependent pathway. The activation of AKT2 inhibits UV- and
TNFa-induced c-Jun N-terminal kinase (JNK) and p38 activities that have been shown to be required for
stress- and TNFcc-induced programmed cell death (7, 8). Moreover, AKT2 interacts with and
phosphorylates IKKa. The phosphorylation of IKKc and activation of NFicB mediates AKT2 inhibition of
JNK but not p38. Furthermore, P13K inhibitor or dominant negative AKT2 significantly enhances UV- and
TNFa-induced apoptosis, whereas expression of constitutively active AKT2 inhibits programmed cell death
in response to UV and TNFcc stimulation with accompanying decreased JNK and p38 activity. These results
indicate that activated AKT2 protects epithelial cells from stress- and TNFa-induced apoptosis by inhibition
of stress kinases and provide the first evidence that Akt inhibits stress kinase JNK through activation of
NFKB pathway. This work has recently been published in a J. Biol. Chem. 2002 June 4 [epub ahead of
print].

Key Research Accomplishment

1 APBP is a downstream of AKT2 and mediates AKT2 survival signaling through interaction and
activation of PAK1.

2 AKT2 inhibits JNK and p38 activation and prevents stress-induced apoptosis through activating
NFYB Pathway. As JNK and p38 activation is required for chemotherapeutic drug-induced
programmed cell death, activation and overexpression of AKT2 in human breast cancer will
contribute to chemoresistance. Therefore, development reagent(s) to target AKT2 will greatly benefit
to breast cancer intervention.

Reportable Outcomes

1. Frequent activation of AKT2 and induction of apoptosis by inhibition of phosphoinositide-OH
kinase/AKT2 pathway in human ovarian cancer. Oncogene 19, 2324-2330, 2000

2. Phosphoinositide-OH kinase/AKT2, activated in breast cancer, regulates and is induced by Estrogen
Receptor a (ERa) via interaction between ERa and P13K. Cancer Res. 61,5985-5991, 2001 (see
Appendix).

3. Akt/PKB Binding Protein, APccB, Mediates Akt Survival Signal through Activation p21-activated
Kinase. Oral presentation in Oncogene Meeting (17th Meeting on Oncogene Meeting, Jun 20-23,
2001, Hood College, Frederich, Maryland).

4. Inhibition of JNK by cellular stress- and TNFA-induced AKT2 through activation of NF-KB pathway
in human epithelial cells. [J. Biol. Chem. 2002 June 4 (epub ahead of print), see Appendix)
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Conclusion

1. Activated AKT2 protects epithelial cells from stress- and TNFa-induced apoptosis by inhibition of
stress kinases JNK and p38 through activation of NFKB pathway. This work provided evidence to
target AKT2 for overcome drug resistance in breast cancer which proposed in the Aim III.

2. APBP mediates AKT2/PAKl-induced BAD phosphorylation in cell survival signaling pathway,
implicating APBP as a potential target for breast cancer intervention.
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Frequent activation of AKT2 and induction of apoptosis by inhibition of
phosphoinositide-3-OH kinase/Akt pathway in human ovarian cancer

Zeng Qiang Yuan', Mei Sun', Richard I Feldman-2 , Gen Wang', Xiao-ling Ma', Chen Jiang',
Domenico Coppola', Santo V Nicosia' and Jin Q Cheng*,'

'De(aroti-meot of Pathology, H Lee Moffitt Cancer Center and Research Instititte, Univers iti of Sooth Florida College of' Medinile,
Toiapa, Florida, FL 33612, USA,- 'Ca1ner Researc'h Department, Berlex Biosciences, Richmond, Califbrnia, CA 94804, USA

We previously demonstrated that AKT2, a member of 1995, Burgering et al., 1995; Shaw etaf., 1998; Liu et
protein kinase B family, is activated by a number of al., 1998). Activation of Akt and AKT2 by growth
growth factors via Ras and PI 3-kinase signaling factor is mediated by PI 3-kinase (Franke et al.,
pathways. Here, we report the frequent activation of 1995; Meier et al., 1997; Liu et al., 1998). Active Ras
AKT2 in human primary ovarian cancer and induction of and Src have also shown to activate Akt and AKT2
apoptosis by inhibition of phosphoinositide-3-OH kinase and this activation is blocked by wortmannin, a PI 3-
(PI 3-kinase)/Akt pathway. In vitro AKT2 kinase assay kinase inhibitor, indicating that Ras and Src also
analyses in 91 ovarian cancer specimens revealed mediate the activation of Akt and AKT2 and are
elevated levels of AKT2 activity (>3-fold) in 33 cases located upstream of PI 3-kinase (Datta et af., 1996;
(36.3%). The majority of tumors displaying activated Liu et al., 1998). Several lines of evidence suggest
AKT2 were high grade and stages III and IV. that PI 3-kinase regulates Akt activation through the
Immunostaining and Western blot analyses using a following mechanism: the product of PI 3-kinase,
phospho-ser-473 Akt antibody that detects the activated phosphatidylinositol-3,4,5-trisphosphate, binds to the
form of AKT2 (AKT2 phosphorylated at serine-474) pleckstrin homology (PH) domain of Akt after
confirmed the frequent activation of AKT2 in ovarian growth factor stimulation, resulting in recruitment
cancer specimens. Phosphorylated AKT2 in tumor of Akt to the cell membrane. A conformational
specimens localized to the cell membrane and cytoplasm change of Akt follows, which allows residues Thr-308
but not the nucleus. To address the mechanism of AKT2 and Ser-473 to be phosphorylated by upstream
activation, we measured in vitro PI 3-kinase activity in kinases, PDK-1 and PDK2 or ILK, respectively
43 ovarian cancer specimens, including the 33 cases (Alessi and Cohen, 1998; Delcommenne et al.,
displaying elevated AKT2 activation. High levels of PI 1998). Several downstream targets of Akt, each of
3-kinase activity were observed in 20 cases, 15 of which which contains the Akt phosphorylation consensus
also exhibited AKT2 activation. The remaining five cases sequence R-X-R-X-X-S/T-F/L, have been identified
displayed elevated AKTI activation. Among the cases (Alessi and Cohen, 1998), pointing to the possible
with elevated AKT2, but not P1 3-kinase activity (18 mechanisms by which Akt promotes cell survival and
cases), three showed down-regulation of PTEN protein blocks apoptosis. One such target is GSK3. Akt
expression. Inhibition of PI 3-kinase/AKT2 by wort- phosphorylates GSK3 and leads to inactivation of
mannin or LY294002 induces apoptosis in ovarian cancer GSK3, accumulation of fl-catenin, and activation of
cells exhibiting activation of the PI 3-kinase/AKT2 Mtc transcription. There is also evidences that Akt
pathway. These findings demonstrate for the first time phosphorylates the proapoptotic proteins BAD,
that activation of AKT2 is a common occurrence in caspase-9 and transcription factor FKHRLI, resulting
human ovarian cancer and that PI 3-kinase/Akt pathway in reduced binding of BAD to Bcl-XL and inhibition
may be an important target for ovarian cancer interven- of caspase-9 protease activity and Fas ligand
tion. Oncogene (2000) 19, 2324--2330. transcription (Datta et af., 1997; del Peso et al.,

1997; Cardone et af., 1998; Brunet et al., 1999).
Keywords: Akt: PI 3-kinase, signal transduction; ovar- Recent studies demonstrated that PTEN!MMACI
ian cancer tumor suppressor and SHIP, tyrosine and inositol

phosphatases, dephosphorylate phosphatidylinositol-
3,4, 5- triphos-phate, thus, inhibiting the PI 3-kinase
Akt signaling pathway (Stambolic et af., 1998; Aman

Akt PKB represents a subfamily of the serine/ et af., 1998).
threonine protein kinases (Bellacosa et al., 1991; Several members within the PI 3-kinaseiAkt path-
Jones et al., 1991a. b; Cheng et ao., 1992; Konishi way, including PI 3-kinase, PTEN, AKT2, and /i-

et al., 1995; Nakatani ei al., 1999). Three members of catenin, have been implicated in human neoplasms
this family, AKTI/PKBc, AKT2/PKB/3 and AKT3/ (Alessi and Cohen, 1998). Overexpression of p85, the
PKB; have been identified. Akt is activated by a regulatory subunit, or p110. the catalytic subunit, of PI
variety of stimuli, including growth factors, protein 3-kinase is able to transform cells (Chang ct af., 1997:
phosphatase inhibitors, and stress (Franke et af., Jimenez et al., 1998). Alterations of PI 3-kinase have

also been detected in a number of human malignancies
(Shayesteh et a/., 1999; Phillips et al., 1998). Mutation

*Correspondence: J Q Chenig and or down regulation of the Pten are frequently
Received 10 January 200(: revised 23 Maich 2000: accepted 27 observed in endometrial carcinoma, glioblastoma.
March 2000 breast cancer and prostate carcinoma (Stambolic et
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al., 1998). We and others have previously demonstrated analysed its expression by Western blot analyses using
alterations of AKT2 at DNA, mRNA and/or protein a specific anti-AKT2 antibody. A high level of AKT2
level in several types of human malignancy (Cheng et protein was detected in 42 of 91 cases (46%). The 33
al., 1992, 1996; Bellacosa et al., 1995; Ruggeri et al., cases that exhibited elevated AKT2 activity displayed
1998). In particular, amplification/overexpression of variable levels of AKT2 protein, 25 of which expressed
AKT2 has been detected in 10-20% of ovarian AKT2 at high or moderate levels (Figure 1 and Table
carcinomas and pancreatic cancers. However, increased 1). These results were also confirmed by immunohis-
activation of AKT2 in human tumors has not been tochemical staining of the tumor tissue section (data
demonstrated previously, not shown).

In this report, we show that kinase activity of AKT2 Previous studies demonstrated that phosphorylation
is frequently elevated in human primary ovarian of Thr-308 and Ser-473 of Aktl is required for its full
tumor. In vitro AKT2 kinase assays were performed activation. Upon stimulation of PI 3-kinase by growth
in 91 primary human ovarian tumors, including 34 factors, Aktl becomes phosphorylated at these two
serous cystadenocarcinomas, four mucinous cystadeno- residues. It has been shown that AKT2 is activated by
carcinomas, 25 papillary serous adenocarcinomas, 10 phosphorylation of the equivalent residues (Thr-309
endometrioid adenocarcinomas, two borderline tumors, and Ser-474) (Alessi and Cohen, 1998). The homology
five granulosa cell tumors and 11 other rare types of of Aktl to AKT2 and AKT3 is 90.4% and 87.8% at
tumors including adenosarcoma, thecoma, fibroma, the amino acid level, respectively (Cheng et al., 1992;
and mesodermal mixed tumor. Lysates from tumor Nakatani et al., 1999), and the sequence of the serine-
specimens containing equivalent amounts of protein 473 phosphorylation site of Aktl is highly conserved in
were precleared and incubated with anti-AKT2 anti- AKT2 and AKT3 (Figure 2a).
body, which specifically reacts with AKT2, in the Anti-phospho-Ser473 Akt antibody has widely been
presence of protein-A: protein-G beads. The immuno- used to identify Aktl activation. To determine whether
precipitates were subjected to in vitro kinase assay such an antibody can be used to detect AKT2
using Histone H2B as the substrate. In vitro kinase activation in ovarian cancer specimens by Western
assays were carried out three times for each specimen. blotting and immunostaining, we tested whether a
Average reading of the kinase activity threefold higher phospho-Ser473 Akt antibody reacted with phosphory-
than that in normal ovarian tissue was considered lated AKT2. HA-AKT2 expression construct was
elevated AKT2 activity. The results revealed an transfected to COS-7 cells. After serum-starvation
elevated level of AKT2 kinase in 33 specimens overnight and IGF-1 stimulation for 10 min, HA-
(36.3%), including 15 serous cystadenocarcinomas AKT2 was immunoprecipitated with anti-HA mono-
(44%), 14 papillary serous adenocarcinomas (56%) clonal antibody. The immunoprecipitates were sepa-
and four other types of tumor including one rated by SDS -PAGE and probed with phospho-
adenosarcoma, two malignant clear cell tumors, and Ser473 Akt antibody. The results showed that the
one mixed mullerian tumor. Examples of AKT2 kinase antibody against phospho-Ser473 Akt strongly reacted
activity in ovarian cancer are shown in Figure 1. with phospho-Ser 474 of AKT2 (Figure 2b).
Interestingly, the majority of cases exhibiting activation We next examined AKT2 phosphorylation by
of AKT2 were serous adenocarcinomas (29/33). None Western blot analyses of AKT2 immunoprecipitates
of endometrioid, borderline, mucinous, and granulosa with phospho-Ser473 Akt antibody in 43 ovarian
cell tumors exhibited elevated AKT2 kinase activity, tumor specimens including the 33 cases with and 10

To examine whether variations in AKT2 protein cases without elevated AKT2 kinase activity. A sheep
expression level contributes to the level of AKT2 anti-AKT2 antibody was used to incubate with equal
activity observed in ovarian tumor specimens, we amount of protein from ovarian tumor lysates in the

presence of protein-A and protein-G agarose. After
extensive wash with the lysis buffer, the AKT2

N ....... immunoprecipitates were separated by SDS-PAGE

Hitone 1.2B and the blots were probed with the rabbit polyclonal
phospytone 2 , phospho-Ser473 Akt antibody (New England Biolab).

Phosphorylated AKT2 was detected only in ovarian
AKT2--• • 09"0 6 5 tumors with elevated AKT2 kinase activity; for

example, see data from tumors T2, 5, 7, 10 and 13,
P-actinn-•m ffaeeemeemm ee which exhibit high AKT2 kinase activity, shown in

Figure 2c. These data confirm the results obtained
Figure I Elevated level of AKT2 kinase activity in ovarian from in vitro AKT2 kinase assay and indicate that
cancer. Top panel: In vitro kinase assays of AKT2 immunopre-
cipitated from 15 frozen representative tumor specimens. Frozen AKT2 activity is regulated by phosphorylation at
tissues from ovarian carcinoma was mechanically smashed in Ser474 in human primary tumors.
liquid nitrogen and lysed by a Tissue Tearor in a lysis buffer (Liu
el al.. 1998). Lysates were incubated with anti-AKT2 antibody in
the presence of protein A-protein G (2: 1) agarose beads for 2 hT
at 40 C. Following extensive wash, immunoprecipitates were AKT2 kinase ac-
subjected to in vitro kinase assay (Liu et al., 1998). Histone tivity AKT2 protein level
H0 B was used as the exogenous substrate. Each experiment was Stage n Normal High Low High/otoderate
repeated three times. The relative amounts of incorporated
radioactivity were determined by autoradiography and quanti- 1 7 7 0 5 2
tated with a Phosphorimager. AKT2 is activated in cases T2, T5, II 11 11 0 6 5
T7. TIO. T13, and TI5. Middle panel: Western blot analysis of 1I1A 5 5 0 1 4
AKT2 expression in ovarian carcinoma. The blot was reprobed IIIC 53 27 26 31 22
with anti-f3-actin antibody (Bottom panel) IV 15 8 7 6 9

Oncogene
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Due to the fact that stromal tissues approximately observed in 38 cases including 33 with and five without

account for 20-30% of the tUm1or spccimens used AKT2 activation detected by in vitro kinase assay and
in this studyv. we examined whether activation of Western blot analyses. The fact that phospho-Ser473
AKT2 is derived from tumor cells or stromal tissues Akt antibody recognizes AktL. AKT2 and possible
by immunostaining the tumor paraffin sections with AKT3 sugCests that activation of AKTI or AKT3
phospho-Ser473 Akt antibody. We first tested if' the present in these five cases. which may be due to
phospho-Ser473 Akt antibody is capable of rccogniz- different expression levels of three isoforms of Akt.
ing phosphorylated AKT2 by iinmnunohistochem1istry. hmmunohistochenmical staining of paraffin tissue see-
Cell paraffin blocks were prepared from serum- tions with anti-AKTI and -AKT2 antibodies revealed
starved and serumn-starved EGF-stinluihted OVCAR- that AKTI but not AKT2 is highly expressed in these
3 cells that overexpress AKT2 (('heng cl a!.. 1992). five specimens (Figure 3c). Moreover. in vitro kinase
Phospho-Ser473 antibody was used to detect phos- assay showed that AKTI kinase activity is elevated in
phorylated AKT2 in the section from these blocks these specimens (Figure 3d. and also see case 8 in
by inmmunohistochemaical means. Strong positive Figures I and 4). Unfortunately, no good AKT3
staining was observed in EGF-stimulated but not antibody is commercially available at present time.
serum-starved OVCAR-3 cells (panel I -2 in Figure therefore, we could not determine if AKT3 protein is
3a). PhosphorVlation status of AKT2 in these cells altered in these specimens. Strikingly. phosphorylated
was confirmed by Western blot analysis with Akt localizes to cytoplasm and cell membrane. Even in
phospho-S473 Akt antibody (lanes I and 2 in Figure EGF-stinuilated OVCAR-3 cells, activated Akt stays in
3b). cytoplasm and cell membrane. No nuclear staining was

Inimunostaining of the tumor paraflhl sections with observed (panels 2 and 4 of Figure 3a).
phospho-Ser473 antibody was performed in 43 ovarian One mlechanism that could result in an increased
cancer specimens including 33 cases exhibiting elevated activation of AKT2 is an up-regulation of P1 3-kinase.
AKT2 kinase activity and 10 cases without AKT2 P1 3-kinase is a hetcrodimer composed of a p85-
activation. Positive staining of tunior cells was regulatory and a p110-catalytic subunit. Three isoforms

of p85 and p110 have been cloned, namely p85-i. p85lp,
p85;', pl 1)-,i. pl l(fl and p1100;. Recent studies demon-

A strated transforming activity of pl1 0 and p85 and
frequent activation PI 3-kinase in colon and ovarian

Akt/AKTI- ER R PH F PQ F S Y S AS S TA- 480 carcinomna cell lines (Chang et e/.. 1997: Jimenez ce al..

I I I I I I I I 1998: Shayesteh eI aL.. 1999: Phillips et a!.. 1998). To
AKT2- DQ R TH F PQF SYSAS I RE-481 examine P1 3-kinase activity in tumor tissues, immu-

I I I I I I I I I I I noprecipitation with a pan-p85 specific antibody was
AKT3- E RR P H F PQFS YSAS GRE-479 performed in 43 ovarian cancer cases, including 33 with

and 10 without AKT2 activation (Klippel ct al.. 1993).
Following extensive wash. the immunoprecipitates were

B subjected to in vitro P1 3-kinase assay using L--.-
pcDNA 3: + phiosphatidylinositol-4.5-bis phosphate (PI-4.5-P2 ) or L-

HA-AKT2: + + + - :•-phosphatidylinositol-4-phosphate (PI-4-PI) as sub-
IGF1: + + + strates. The conversion of PI-4.5-P, to P1-3.4.5-P 3 or

Phospho-AKT2 - -mam .... P1-4-P1 to PI-3.4-P, was determined by autoradiogra-
Igg-- phy and quantitated by Phosphorimager. Elevated P1

3-kinase activity was detected in 20 ovarian cancer
specimens. 15 of' which exhibited AKT2 activation and

C the other five displayed AKTI activation (FigLures 3
and 4). Since p10j. has been shown to be over-

Phospho-AKT2" " -, . expressed and activated in ovarian cancer cell lines
IgG -- . - - (Shayesteh et al.. 1999), we examined whether increased

levels of activity observed in our primary ovarian
AKT2 -- "Ow 4M -mb tumor specimens resulted from increased levels of p110

expression. P1 3-kinase was inmmunoprecipitated with
Figure 2 Phospho-Akt-Ser473 antihod\ recognizes phlosphoryla- an anti-p85 antibody from equal amlounts of tumLor
tion form of AKT2 that is detected in ovarian cancer. (a) extract protein. The inmmunoprlecipitatcs were then
Com pari son or (-terminal lil dino acid sequaence of AKTI anid separated oln a SDS PAGE. transferred to a mnein-
AKT2 and AKT3. Phosphoryiation of serine-473 (AKTI) is well braer and probed with a specific anti-p110Y. antibody.
conserved in AKT2 (Scr-474) anld AKT3 (Scr-472). (b) Western
blot analysis of H A-AKT2 immtnoprecipitatcs from ('OS-7 cells Figure 4 shows a correlation between p1 10 :i expression
transfected w\ith pcI)NA,-HA-,\AK'F2 or pcDNA, vector alone. levels and P1 3-kinase activity in tumnor samples.
After transfection. the cells were se ro m-sia rved overtinighlIt aid Quantitative analysis by a Biolnager (Genomnic
stitiiulaied with 1G1F-! or I0 min (lanes I and 2 from left) prior Solutions Inc.) revealed that the levels of p110-i
to harvesting cells. lmmunoprccipitation was cartied out with e t
anti-HA motoclonal antihody and separated by SDS PAGF. expression in the no ith -kindsc
The blot was detected with Phospho-Akt-Ser473 antibody. (C) aire 2-4-folds higher than that ill the specimens
Western blot analysis of phospliorylation of AKT2 in ovarian showing no elevated PI 3-k inase. except T12 that
caticer specimens. The ltumor Iysates were inctated with aiti- exhibited high level of p110, protein but no significant
A KT2 antibody. The restlting iiutioprecipittes were separated P1 3-kinnase activation. These data indicate that
b\ S DS PA(E and detected with polyclonal phospho-.Ser473
Akt antibod. (upper paiel I or polychlottl anti-AKT2 antihody increases of PI 3-kinase activity contribute to AKT
(lower panel) activation in hmalnl primlary ov;aria•ln carcinomna.
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Figure 3 Phosphorylated Akt detected by immunostaining localizes to cell membrane and cytoplasm of ovarian tumor cells. The
paraffin sections were subjected to antigen retrieval by boiling in a microwave and then incubated in a blocking solution and an
avidin/biotin blocking kit (Vector). The primary antibody to phospho-S473 Akt (Upstate Biotechnology) was applied at a dilution
of I :200. After incubation, the slides were treated with biotinylated rabbit anti-goat immunoglobulin and streptavidin and
biotinylated alkaline phosphatase. (a) Sections of paraffin blocks prepared from serum-starved (1), EGF-stimulated OVCAR3 cells
(2) and 2 primary ovarian carcinoma specimens (3 4) were stained with phospho-Ser473 antibody. No staining was observed in
serum starved OVCAR3 cells and a specimen without elevated AKT2 kinase activity (1 and 3), whereas strong reaction with
phospho-Ser473 antibody is seen in EGF-stimulated OVCAR3 cells and a tumor specimen exhibiting AKT2 activation. (b) Western
blot analysis of the AKT2 immunoprecipitates from the cells and the tissues that are used for immunostaining in Figure 3a. The
filter was detected with phospho-Ser473 antibody (upper panel) and anti-AKT2 antibody (lower panel). (c) Immunohistochemical
staining of an ovarian cancer specimen with anti-AKT1, and -AKT2 antibodies. (d) In vitro kinase assay (upper panel) and Western
blot (bottom panel) of AKTI immunoprecipitates from frozen tumor specimens. Results represent three independent experiments.
AKTI is activated in cases T8, T18, T19, T21, and T23

Another mechanism shown to result in activation of frequently been detected in this type of ovarian tumor.
Akt is inactivation or loss of expression of PTEN. These results suggest that down-regulation of PTEN
Inactivating mutations of the Pten tumor suppressor protein expression, either by translational or post-
gene, on chromosome 10q23, have been described in translational changes, may be a factor in elevating
prostate, endometrial and ovarian endometrioid carci- AKT2 activation in non-endometrioid ovarian cancer.
nomas (Obata et al., 1998). Previous studies have also We next examined the relationships between activation
observed down-regulation of PTEN protein in prostate of AKT2 and tumor stage and grade. The results are
cancer (Wu et al., 1998; McMenamin et al., 1999). presented in Tables 1 and 2. High levels of AKT2 activity
Therefore, we examined whether down-regulation of were seen in stages III and IV (33/68, 48.5%) but not
PTEN is associated with AKT2 activation in ovarian stages I and II. The incidence of AKT2 activation
cancer. We analysed PTEN expression in 18 ovarian increased with increasing grade. High levels of AKT2
cancer specimens displaying elevated AKT2 activity by kinase activity were detected in 52.9 % of grades III and IV
Western blot. A large reduction in PTEN protein tumors, whereas activation of AKT2 was observed in only
expression was observed in three cases, two of which 15% of grades I and II tumors. These data indicate that
were serous cystadenocarcinomas and one was a activation of AKT2 in ovarian carcinoma is associated
papillary serous adenocarcinoma (Figure 5). In these with late stage and high-grade tumors, and suggest an
cases, we did not detect either mutations or low increase in the activation of AKT2 kinase as ovarian
mRNA level of the Pten gene (data not shown). cancer progresses to a more aggressive phenotype.
Interestingly, we failed to observe elevated AKT2 It has been shown that Akt induces cell survival and
kinase activity in 10 endometrioid adenocarcinomas suppresses the apoptotic death of a number of cell types
examined, even though PTEN mutations have most induced by a variety of stimuli, including growth factor
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N n 7ý %,- r- 0 In this St~tdy. we have demonstrated frequecnt

P13,4P2 --- 9 * , activation of A KT2 kinase in humian primiary ovarian
V V cancer by in vitro kinase assay. Western blot and

A 4 ____ immunIIIoh~istochemnical stainlingi. Phosphorviated AKT2
origin -0 W4 0 has a cell membrane and cvt-oplasmnic buit not nIuclear

localization. lncrcased P1 31-kinase activation is ob-

pla 1 *a servedl in the na~jority of' cases displaying AKT2
-~ activation. High levels of AKT21 protein expression

IgG are also frequen~tly detected in ovarian cancer spedt-
710.01 0 o .oil Oýil0.0210.121 0.1010.1110.13100,1] inenis. Down reeoulation of PTEN Was observed in non-

Figure 4 Acli atilon of' PI 3-kinase inl humian on at an canceLr edmtii vra uos hc a otiuet
specimens, I vituro 13[ 3-kina se ansa v or' the anti-1p55 mmnumtllpre- A KT2 activation. Moreover, activation of A KT2 is
ci pita te- fr-oml 12 fr-ozeit ovarnanl cancer specimens~. The tuim or a ssoci ated wvith 1h13igh grade and late sta cc ovariia 13
ti>sLIe In Sa ten wereI' illI.in In orc~ijpiU tat \0d vI)M-1 h an- 5 anlti bod% cancer and direct inhibition of' PI 3-kinase Akt path-
iSanta (ruIZ. Foil owign \a sit the pre~ettee of PI' 3- kitase activity a nUC ppOi noaincne ellle
ilnin mmunopreci pita tes wvas determined h\ i net haillg til wayd ex in b ices actiatonp os Pis 3in ova iia ance cel Iine
with reaction huller. Phospholiplids wecre extracted and separated exiitii civt 1 fP -kns n K2
by thinl-ianer chromlatoitraph% as prev~iously described cI PreviouIs studies showed that alteration of oncocene
oI. 2000)l. The eon ver~io n o' P11-4.5-11, to PI 3-phosphate and Pl- could occur at DNA. 133RNA. protein. or einzvmattc
4-P 1 to PI-3.4-P1, was detertmined bN atntoradiographvý and level. Ani extenlsivec review of the topic indicates th~at tlhe
quantitated bn ulsing a Phospitor-i Ilager. Hievated Ievein of' PI1- 1 freq uec~y Of OIIcogeneC anlpli ficationl ii3 primiary, tumnors
kinase actin itv (topl panlel) and p1)1(1 0 protein (Itmiddie panel) are
detected tit cases 2. 7. 8. 12. and 13. The expressioni levels of' is abou~t 5 .38%,. depending o13 t~ti3or type, stag-e. and
pil 10j. ate q uattti lied by ; Bi olImager. The de nsi iv of each ha nd is girade as well as t he 13(divi duta Igene ( Briison - 1 993). The
indicated at thle bottom in~ciden~ce of' overexpressioi3 of 50fl3e oIncogetes ill

certain tui33ors is even~ h~igher dLIe to the micchanisni
of enh~lanced tran~scription3 or tran~slation. an~d i33RNA

N 01(3 protein3 stabilization3 (Brisoi3, 1993: Devilee and
Cornelisse, 1994: Bern~s et alt.. 1995). We aind oth~ers

PTEN -*~have previouIsly SlhOxvi alterations of .4JKT2 at DNA
aind mnRNA levels in3 12%/i and -25",'( of ovarian~
carctnoilna. respectively (Clheng et a!..- 1992: Bellacosa

___ .et al.. 1995). Inl this s'tuidy. \ve det33onstrate activation
~-acin ~of' AKT2 kinase ii3 36.3%/ of prim3ary ovarian turnors

with3 h~ighest freqUeiICNv (49%ý/) I'll Ser-ouS adenocarciino-
Figure 5 Donvn regula tion of' PTEFN inl innianai ovarna i
carcinonia. Western blot anlalyses of, the tumlor tissue ivsates nith i33as. Moreover, we have also observed overexpression
anti PTEN (upper) and fi-actinl (bottom)I antibody. No'detectable of A KT2 protelin i13 46% of ovarian3 can~cer specime~ns
lCend of, ITEN nvas obsýerned in three cases exam3ined. Th~ese data, as compared to A KT2 alteration

at DNA aind R NA lecels, in~dicate that activation and
ovcrexpressiol3 of AKT2 protcin by aberrant transla-

Table 2 AKT2 activationl and g-rade tiOinal reCgUlatioi3 andl posttranslatioinal m3odification of
A KI2 kjneisc ti ivt A KT2 is a mo3(re commo3(n OCCurret-CIIC in hu133a1 ovarian

Gradc i N\ormial Hi,~im cancer. Thle fact th~at ovcrcxpression of wild type
121 17 4 AKT2 i13 NIH3T3 cells results in3 m3align~ant traInsfor-

2 19 17 2 ni3ation (Clientg ci al.. 1997) suggests tlhat activation3
3 49 24 25 an~d overe~xpressioi3 of AKT2 In31u131 ovarian
4 2 0I 2 carcinorna could play an~ inmportan~t role i13 the

developmen~t of' tlhis i33lia]i aancy.
Several studies dei33onstrated th~at ectopically ex-

with~drawval. cell-cycle discordan~ce and loss of cell pressed Akt I an~d AKT2. followving growth3 factor
adhesion. To assess tl~e iilflei~ceIC of' P1 3-kiinase AKT Stii33u1latiOi3. initially locates to Cell mecmbran~e and then
activation3 013 tlhe cell growth of hLun1.an (3Varianl can~cer traI~SlOCateS to thle iILCCLeuS (Aindjelkovic el cil., 1997:
cells, we h~ave perform3ed in tulro kinase assay and Mcicr eI al., 1997). This is thoul21t to allow Akt
observed activation3 of AKT2 and P1 3-kiinase in 2 of 5 m3edliated plhosplhot-latioi3 of nittlear tran~scription
ovarian3 can~cer cell lii~es (Fillure 6a). If P1 3-kiinase,"Akt. factors, suIch as Forkhecad proteins an~d CREB (Brunet
path~way is crucial for sur-vival in SuICh1 ovarian tttn~Or el al., 1999: Kops et a!., 1999: DUi atnd Montmniny.
cells, blockin~g the activity of' PI 3-kinase Akt. is expected 1998). In con~trast. in primiary ovarianl ttin~or specimens
to in~hibit tle cell arowtl3 an~d or induce apoptosis. To exam3ined. Wxe fou~nd that phosplhorvlated AKT2
test this hyvpothesis. till-cc Ovarian3 cancer cell linies xvith Or localizes to cell m~embranec aInd cytoplasnm but 13ot the
wNithL~ot P1 3-kinase AKT2 activation were treated with3 nuICclus. Moreover, activated eindounious AKT2 in
P1 3-kinase inh~ibitors. wortniainiin (200 rim) or AKT2-overcxpressing OVCAR cells wvas also localized
LY294002 (40 pim). or veh~icle (DMS0). for 12 13 i13 a to cell mem~bran~e an~d cytoplasmioly031. These coInflictiIcg
m-ediun3l contaii~IngI I %ý' fetal Calf SCrI33ll. Those cell lilies obser-vations rnav be dueC to tlhe fact tlhat ectopic
exhibitins- elevated levels of PI 3-kiinase and AKT2 overexpressioi3 of Akt affects its suibcellullar localiza-
activity uinderwen t apoptosis after trea tmen~t wi th tion.
wortin~atnii3 or LY2940t)2. wvhereas 130 apoptosis was We an~d oth~ers h~ave previou~sly documented that
detected i13 tlhe cell lin~e (e.g,.. A2780) with~out P1 3-kinase! AKT2 is a dowinstrearn target of PI 3-kiinasc an~d is
AKT2 activation3 (IFigLire 6). activated by a itnumber of growth3 factors (Meier et a!..
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Figure 6 Inhibition of PI 3-kinase/AKT2 activity induces apoptosis in PI 3-kinase/AKT2-actiwating ovarian cancer cell lines. (a) 1In
vitro Akt and PI 3-kinase assay of the immnnoprecipitates from A2780, OVCAR3 and OVCAR8 cells. AKT2 (upper panel) and PI
3-kinase (bottom panel) are activated in OVCAR3 and OVCAR8 cells. (b) and (e) DNA fragmentation and Tuniel assay showing
that Wortmannin blocks activity of PI 3-kinase and AKT2, and induces apoptosis in OVCAR3 and OVCAR8 cells. The cells were
seeded into 60 min dishes and grown for 24 h and then treated with wortmannin (200 nM) or LY294002 (40 ,tiM) for 12 h. Apoptosis
was determined by TdT-mediated dUTP nick end labeling (Tunel) using an in• situ cell death detection kit (Boehringer). To detect
DNA fragmentation, cellular DNA was prepared using the DNA kit (Qiagen). The DNA was analysed on 1.5% agarose gel and
visualized by ethidium bromide staining

1997; Liu et al., 1998). Active Ras and Src significantly polymorphism analyses of the tumors carrying acti-
induce AKT2 activation (Liu et al., 1998). Recent vated AKT2. No AKT2 mutation was observed. The
studies have shown that Akt activity is regulated by cases exhibiting AKT2 activation express variable
PTEN, which reduces intracellular levels of PI-3,4,5,-P3 levels of AKT2 protein, suggesting that expression of
in cells by converting PI-3,4,5-P3 to PI-4,5-P2 and, AKT2 protein is required for activation of AKT2 in
thus, inhibits PI 3-kinase/Akt signaling pathway ovarian tumor.
(Stambolic et al, 1998; Aman et al., 1998). Therefore, The fact that three members of Akt family are down
AKT2 activation in human ovarian cancer may result stream targets of PI 3-kinase and are regulated by
from; (a) PI 3-kinase activation; (b) Pten mutation; (c) similar mechanism suggests that AKT1 and AKT3 may
overexpression of AKT2; (d) alterations of growth also be activated in human ovarian cancer. In this
factor receptor, such as overexpression or mutation of study, we focused on activation of AKT2 in primary
EGFR; (e) ras mutation; or (f) active mutation of the ovarian cancer. However, we have shown activation of
AKT2 gene. In this report, we document that nearly AKT1 and PI 3-kinase but not AKT2 in five ovarian
half of cases with AKT2 activation (15/33) display PI cancer specimens, which express high levels of AKT1
3-kinase activation, which supports a recent observa- but very low levels of AKT2 (Figure 3). Additional
tion of PI 3-kinase activation in ovarian cancer cell experiments to evaluate the significance of this finding
lines (Shayesteh et al., 1999). Down regulation of are in progress.
PTEN was detected in three non-endometrioid cases of We have previously demonstrated that an activated
ovarian tumors. Interestingly, we did not observe either Ras significantly activates AKT2. We have also
lack of PTEN expression or AKT2 activation in all 10 recently documented that farnesyltransferase inhibitor
endometrioid adenocarcinomas examined, implying (FTI)-277, an anticancer drug blocking the posttransla-
that the Pte7? may not be mutated in these specimens. tional farnesylation of oncogenic Ras, inhibits PI 3-
We have also performed single strain conformation kinase and AKT2 activity and induces apoptosis in

Oncogene



P1-3 kinase/Akt pathway in human ovarian cancer
ZQ Yuan et al

2330
AKT2 overexpressing cell linies (iang e cd-!. 2000). r-ccltjIire to (lefifle tlic role of' Akt activation inI ovarian
Ox erexpression of AKT2. hut no0t Ras. sensitizes mialialnant tranisformiation.
NIH3T3 cells to FTI-277. However. FTI-277 is not a
direct inhibitor of P1 3-kinase and AKT2. In this
stuidy, we demonstrate that direct inhibition of' 111 3-
kinase Akt pathwvay by xvortmlannin or LY294002 Acknoifkdgrncnts
indluces apoptosis InI ovarianl cancer cell linies with Pf We are grIa tCful1 to Dr Sue A Shielley for critical readinge
3-kinase A KT2 activation. Moreoverr weý h~ave also anld C111cmmenS on1 the ni1anuLSCriplt: June E Paciga. and Jie-

showvn that the majority Of tumors wxith actixated Iilu Tang for- technlical suppor)01t. We are also Ura tetul1 for

AKT2 are high grade and late stage. These dlata TisePoueetFASquneadTsu ahlg
indcat tht ativtio of P13-knas'Ak ma ply a Core Facilities at [1 Lee Moffitt Cancer Center for
indcae tatactvaionofP13-knae At ay la a providing cancer specimiens. seqecing1111- anld iIIm1UnohIisto-

pivýotal role in development Of hu-11man ov~arian1 canicer, chemical stainine. This wvork w\as SupJported by National
especially InI tumor01 progereSSion. anld that P1 3-kinase' CanIcer InIstitute Grant CA779,5 (to JQ Chenou and
Akt pathlway could be anl Important target for- University of' So tIth Florida Ovarian Cancer Pathohiolog-v
initervNentionl of' this mialignancy. Fu~tUre studies are Grant 611t5-00)0-2t0 (to SV Nicosia)
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, Phosphatidylinositol-3-OH Kinase (PI3K)/AKT2, Activated in Breast Cancer,
Regulates and Is Induced by Estrogen Receptor a (ERa) via Interaction

between ERa and P13K1

Mei Sun, June E. Paciga, Richard I. Feldman, Zeng-qiang Yuan, Domenico Coppola, You Yong Lu, Sue A. Shelley,
Santo V. Nicosia, and Jin Q. Cheng2

Department of Pathology and Programs of Molecular Oncology and Drug Discovery, University of South Florida College of Medicine and H. Lee Moffitt Cancer Center, Tampa,
Florida 33612 [M. S., J. E. P., Z-q. Y., D. C., S. A. S., S. V. N., J. Q. C.]; Beijing Institute for Cancer Research, Beijing 100034, China [Y. Y L.]; and Cancer Research
Departmtent, Berlex Biosciences, Richmond, California 94804 [R. L. F.]

Abstract 1), a central DNA-binding domain, and a COOH-terminal ligand-
binding domain with a hormone-dependent transcriptional activationWe have shown previously that the AKT2 pathway is essential for cell function (AF-2; Refs. 2, 3). In addition to its ligand, estradiol, the ERrs

survival and important in malignant transformation. In this study, we is als

demonstrate elevated kinase levels of AKT2 and phosphatidylinositol- is also activated by several nonsteroidal growth factors including EGF

3-OH kinase (P13K) in 32 of 80 primary breast carcinomas. The majority and IGFl through their cell membrane receptors and cytoplasmic
of the cases with the activation are estrogen receptor a (ERa) positive, signaling pathways such as MAPK signal transduction pathway (3, 4).
which prompted us to examine whether AKT2 regulates ERa activity. We Because of the role of ERa in promoting the growth and progression
found that constitutively activated AKT2 or AKT2 activated by epidermal of breast cancers, considerable efforts are devoted to development of
growth factor or insulin-like growth factor-1 promotes the transcriptional reagents to functionally inactivate ERa, so as to inhibit ERa-mediated
activity of ERa. This effect occurred in the absence or presence of gene expression and cell proliferation. Antiestrogens such as tamox-
estrogen. Activated AKT2 phosphorylates ERa in vitro and in vivo, but it ifen and ICI 164,384 antagonize the effects of estrogens by competing
does not phosphorylate a mutant ERa in which ser-167 was replaced by with estrogen for binding to ERa. Tamoxifen or its derivative 4-
Ala. The P13K inhibitor, wortmannin, abolishes both the phosphorylation
and transcriptional activity of ERa induced by AKT2. However, AKT2- hydroxytamoxifen inhibits transcriptional activation by AF-2 but not
induced ERa activity was not inhibited by tamoxifen but was completely AF-1 (5). ICI 164,384, on other hand, is a complete antagonist that

abolished by ICI 164,384, implicating that AKT2-activated ERa contrib- blocks transcriptional activation by both AF-l and AF-2 (6). How-
utes to tamoxifen resistance. Moreover, we found that ERa binds to the ever, approximately one-third of ERa-positive breast cancers fail to
p85a regulatory subunit of PI3K in the absence or presence of estradiol in respond to antiestrogen treatment, which is thought to result from
epithelial cells and subsequently activates PI3K/AKT2, suggesting ERa growth factor-induced ERa activity through activation of protein
regulation of PI3K/AKT2 through a nontranscriptional and ligand-inde- kinases resulting in phosphorylation of ERa (7).
pendent mechanism. These data indicate that regulation between the ERa It has been well documented that phosphorylation of ERa is es-
and PI3K!AKT2 pathway (ERa-PI3K/AKT2-ERa) may play an impor- sential for the activation of ERa after stimulation with its ligand and
tant role in pathogenesis of human breast cancer and could contribute to
ligand-independent breast cancer cell growth. nonsteroidal growth factors (EGF and IGFI). The phosphorylation of

ERa is observed at both serine and tyrosine residues. The serine

Introduction residues are the predominant modified amino acids present in ERa,
and four of these (Ser-104, Ser-106, Ser-118, and Ser-167) are clus-

Breast cancer development and tumor growth are strongly associ- tered in the NH2 terminus within the AF-1 region. Phosphorylation of
ated with estrogens. The binding of an estrogen molecule to the ERa3 ERa at Ser- 118 is mediated by the Ras/MAPK pathway; therefore,
induces a cascade of events, including the release of accessory pro- activation of the MAPK pathway enables ligand-independent trans-
teins (e.g., the heat-shock proteins), increased nuclear retention, DNA activation of ERa (4). There is evidence showing that Ser-167 is
binding, and the transcription of estrogen-responsive genes, such as phosphorylated by several protein kinases, including casein kinase II
cyclin DI, c-myc, cathepsin D, and transforming growth factor-a that and pp9orskt, which is important for DNA binding and transcriptional
are known to stimulate mammary cell proliferation (1). ERa is a activation (8, 9). Phosphorylation of ERa on tyrosine 537, which is
member of a superfamily of nuclear receptors that act as transcription required for ERa dimerization and transactivation, by Src family
factors when bound to specific lipophilic hormones. In common with tyrosine kinases in vitro has also been demonstrated. Moreover,
other steroid hormone receptors, the ERa has a NH2 -terminal domain protein kinase A has been shown to phosphorylate ERa at Ser-236
with a hormone-independent transcriptional activation function (AF- and regulate its dimerization (10).

In addition, recent studies (11) demonstrated that plasma membrane
Received 5/7/01; accepted 7/15/01. ERa plays a crucial role in transducing cellular signals. It has been
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with convincingly shown that ERa activates G-protein-coupled receptor
18 U.S.C. Section 1734 solely to indicate this fact. leading to the modulation of downstream pathways that have discrete
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Programs of Molecular Oncology and Drug Discovery, University of South Florida and induction of protein kinase C and protein kinase A kinase activity
College of Medicine, H. Lee Moffitt Cancer Center and Research Institute, 12901 Bruce (11). A recent study (12) demonstrated that estrogen activates p38
B. Downs Boulevard, MDC Box tl, Tampa, FL 33612. Phone: (813) 974-8595; Fax:
(813) 974-5536; E-mail: jcheng@hsc.usf.edu. MAPK, resulting in the activation MAPK-protein kinase-2 and sub-

3 The abbreviations used are: ERa, estrogen receptor ae; P13K, phosphatidylinositol- sequent phosphorylation of heat shock protein 27. ERa has been also
3-OH kinase; PKB, protein kinase B; MAPK, mitogen-activated protein kinase; HA,
hemagglutinin; EGF, epidermal growth factor; IGFI, insulin-like growth factor-l; GST, shown to interact with IGF1R and induce IGF1R and extracellular
glutathione S-transferase; HEK, human embryonic kidney. signal-regulated kinase activation (13).
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Akt, also called protein kinase 13. has been identiflied as a direct diaminonihen/idine tetrathydroehioride as tile chromnoge n and hemnatoxY in for
target of P13 K ii14). All of' the three memibers, Ak t/A 1(11/PK B m, counterslai Fling. P~ri marsy anlt ibody wais replaced wvithl an equal concentration of
A KT2IPKBOf. and A KT3/PKB13y. of' this fam il' are activated by 11(1i liulnt lc sheep tGoil negativse control sect ions.
iirowth factors inl a PU3K-dependent man ner ( 14-1I6). Nulmierouis Stuld- P131K Assay'. P13K wais iiitnunuoprec ipi tated froni the tUmnor tissue lysates

les (I 71 showed that tile Ak t path way' is cri tical for Cell Survival by wilth patl-p85 antIibody (Santa Cruz Biotechnology ). The inuitniuloprecipitates

phoshorlaton fa umbe ofowntrern rOI~llSin~~dino AD, were wvashied once~ With cild PBS. twice with 0.5 %1 LiCI. 0.1 t',1 Tris (pH 7.4).
phosphorv ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~n fiinoaallyiihril ontem rFcin i Iu i Aill) a10 1(1,% Tlttris. 1001 inrt NaCI. I 01St EtTA. Thl rsne of

callalty9 withea precrpiosacoseticefad )1-ci
caspse-9 Fokhea trai sn jiilii fators 1KK a.R af, aid P I act - 13K activity iti i illtirlnopreccipi tates wais determainied bN i FICUbat il ti lte heads

vated proteiln kill se. Amiong A kt family Iinerlbe rs. A KT2 has been with reaction btufflher cointaininiFg 10 Fimt 1-IEPES pt-h 7T4). 10 tmit N lgCl, . 501 Am~
shown to he predominlantl y il tvil ved in liii m1ali mnali goal~ieS iSsuch aS A_32 2( ziIypP AP ldI)jg of' F.-a-phosphliy ioio 45h

ovarian and pancreatic cancers ( 18-20). Inl this study, we demonstrate piho~sphiate (111-4,5-P,: Btf)MOLI for 20 huhn at 25 C. The reactions were
frequent activationl of AKT2 anid P13K in human breast canicer. AKT2 stopped by adding ~l) 100l of I %i HICI. Phospholipids wecre extracted with 200

phosphorylates ERa at Scr- 167 alid activates ERa-mediated tran- A]l of CHICtjtnettiatol. Pliospliorylaled priiducts were separated by TLC as
scription in a PI3K-dependelit mlannier. ERr. binds to thle p85(y subunt~l described prev'iiously (211). Thle coinversioin of PI-4.5-P, to P1-3.4.5-P, was

of P13 K inl epi thel ial cells and act ivates tile P13 K/A KT2 pathway illaan determainled by' atttoradiograpliv anid quantitiated by uitng iii Phosphorilitager.

estrogei-ilideendent anner.Avserage read ings oFf the k inaise activsity 3-fold hhleier than that in noirmla
Mlarialt tissue wats conlsidered ats elevated P13K activitN.

Materials and Methods Expression Constructs and GST Fusion Protein. HA epitope-iagged
contllituitively active, wild-type. and donniltatt-nceative AKT2 were prepared

Tumor Specimens, Cell Lines, and Transl'ection. All oif thle 811 primary as described previously (211). Thle pi I10(y anid p85a of P13K expression co~n-

humiani breast canicer specimens were iibtainled fromlptientales wvio itnderwetit sI ricts wxere g ifts froilt Dr. Juinl Downtward (Im lperial Caticer Research Fund.

Stlrgoery' at H. Lee Moffitt Cancer Centler, anid each sanitill cionltaine tel : least IaLindoti. United K inFgdomii , The mniatitraliat expressionl construct oif ERU-

70(,, tumnor cells. as was coiilirtued by' miicriosciopic examiiatliontl. Thle tissiues 51 67A wits kintdly' provided by Dr. Beliita S. Kat/.enellelibogeti FUniversity oIf

were snap-frozen and stored all - 70"C. ERa-niegative epithelial llIFK293 and Illinlois, Urbala. IL). Thle GST-ERay and GST-ER(Y-S I6f7A xvere created by
COS7 cells and ERa-positive NICF7 alid] BG(-I cells wecre cultured at 37"C' and1 PCR arid iniserted Fint peDNA3 and pEGX-4T Pliarliiacial vectors. respee-

5f7 CO, in DMEM 'supptliemented wvilth lOc4 FCS. The cells were seeded in lively. GST-ERov fiisiiin proiteints were pulritied as described previousl 121)

60-lola Petri dishes atl a denisity iof' 8 X I105 cells/dish. Tralisfeetiiils were In Vivo [ 12 PIP, Cell Labeling. Transfected COS7 aid tonlratisfected

performed by calciuni phosphate DNA precip1itation or Li loleclarninte Plus MCF7 cells were labeled wvit lb 3 PjP, (0.5 liiCi/iill inl M EM wiFlithot phos-

( Life Techitolotiies. 111c.). pliate. seruimi an~d phetnol red fur 4 hl and lysed. ERcr was iliiliniiprecipitated

Immunoprecipitation and Western Blotting Analysis. The cells anid wvithi moiniclonial Lanti-ERe oir altli-lliyc anitiboldy. Thle i liniultoprecipitates

frozien tunmor tissues %%ere tvsed in a buffer contiaininig 21) rim Tris-HCI (tpH were separatecd oill SDS-PAGE and tratisferred to mnemtbrane,,. Pliosphorvtlated
7.5), 1 37 tnim NaCI. t 5 r vii]llutle for voIl u el glycerol. I'/, N P40. 2 itis ERY wit5's detected by' aiitoradiiigraptty arid qualit itated by us ing Molecular

phettylmetlivlsulf'onyl fluioride, 2 jig/itl aprilti lin anid teUICtiettiIl 2 n1St bell/a- Dy'amiiics Pltispliiriniager wxith IniiageQitant software.
liiditie. 20 lii 51 NaF. Il himt NaPP, I 1i1t sodi(Fll) vatladle. aind] 25 nim Reporter Assay. H EK29J3 and M CF7 cells (8 X I105) %%ere seeded ii a

P-glycerol pholsphate. Lysates wecre cenitri fugced att 12.11110 X gy for I5 IiIin at 611-rnt tplate. The eelIs xwere cotransfected witlb the luci ferase reporter p1 asiaid
4'"C befiore iniluiiniprecipitalioil olr Westertn hilottting. 'Fhe proteiFt cillcelitra- I 2lRE-MpG I21. xviId-type. clinStiti~ti sel v aeti xe. oir doltinFtant-tiegati se -\KT2

huhn ili each tissute y~sate \kits tieasured. antd tin equlanilFtf rtei Iya LIi ERa,. as wvellI its pCNI IV-[3gul plasm id its an inttertnal control. The aminiiti
analyzed for proteiti expression and elizyume activity. For litlutiilpreci pilaF (it. (If DNA inI each transfectioti wxas kept constatit by the additiiin of ennptN'

lysates swere precleared wvith prolteini A-proleit Gi (2: 1) aigarilse beads at 4"C for pcDNA3 vector. [luCiferase and [3-galaclosidase activities wecre determiinedl
2(1 rinn. After rettoival oIf tlie beads by cenitriftugation,. lysates xxere inciubated 48 Ii after tratishect(ill accordinhg to the tiiuliitfactUrer' s procedure I Proniega I.

xwithi anti-A KT2 (Upstate Bioteclinolo-y) anltibiody in thle presence (If 31) ji of' Ltci ferase atvvwiscreedfor transfeel io efficiency bvLsin h

protein A-protein G (2:1 ) agarose beads fur 2 Ii at 4' C. Thle beads were wvashied control [3-galactosidase activity. All of the e~xperlliments sere pertortied in
once with 50) nmt Tris-FICI ( pH 7.5ý4 -1.5i L~iCt -1)5% Triton X -Il. tswice with FriplIicate frotm intdetpendenit cell Ciltlures.

PBS. arid on1ce wvith 10) nix\i Tn s-HCI (pH 7.5)- 101 rN MgCI - Ill Fimt MntCt_ I
FiMo DY[. all cointainti ne 201 nii 0F[- ulverol phiosphiate [and( 0.1. Fiwi sodiuimt Rsut n
vaaclaate. uninlutioprec ipi tates were subjected to in viro ki liase assay iir
Western blottinig anltaysis. Priiteitn phosphorylatioti anid exp~ressionl wvere dleter- Frequent Activation of AKT2 in Breast Carcinoma. We have
mined by probing W~esternt blots iif illilliullprecipitittes swithi alti-philsJpli- demonstrated previOitsly ( 15. 20) that AKT2. like AKT I. is activated
Akt-Ser473 (Cell Signialinig) olr allti-AKT2 antlibody'. Detectiott (If'alie by a number oiif itigeliic grotsth factors in a P13K-dependent manner
bounld anitboidy xs'as carried 0t1t wVith thle enihiatnced chieltililtitnttescetlce aiid that AKT2 kinase activity is frequently' elevated in humian ovariati

Westrn Bottig Anlysi Sysetii(Atlerslatii. fimors. To examine whether AKT2 is activated in hunian primatury
In Vitro Protein Kinase Assay. AMI kinase assay xx'us perforltied as dhe- bratalerwepfomdo tokiasasy'in8htanrat

scribed previously (1 51. Brie fly'. the reactiotn was carried out int the tiresetnee (If' ra.s acr efre nvtokns sasi 0hrlbes
1() Ai 01 1-Y321)carcinoma specimens. including 58 ductal infiltrating adenocarcino-

II jiiO - PATP I NEN I atid 3 g.\t colld ATP in 3(1 ý1if hfUilfer COltall1itlg

2(1 ii5Fi HEPES (pH 7.4), 101 lint 10 , I ni.\t MICI, atnd I tilS D17 uisinig ntas. 16 lobulatr carcinoluias. anid six tiiixed tumnors. Lx'sates from
hi stonic H2 B its Substrate. A fter incubatio ill a rioiti temFlperatture fur 30111uit. the tIt iiior specimens wvere incubated with anti -AKT2 anti body. which
reaction was sttpped by' atdiniig proiteihi-liiaditle buffer. aiiithFie miixtiure wats specifically reacts with AKT2 (20). The i[IMmitmprecipitates were
separated in SDS-PAGE gels. Eachi experimletit waus repeatedl three timies, Tile subjected to in vt'ruo kinase assay' using histone H213 as substrate. The
relative amoi~unts of ilicirpotrated radiolactivity were determlinied by aiftliradiitg- reStl~ts revealed an elevated level oif AKT2 kinase in 32 of specimlens
raphy arid quantitated with a Phiosphioriniiiaer (Molecular Dynlamlics). (4fli% ), inClUdiligl 29 cases with dtctal ilifiltratine carciinoma. two

Immunolhistoichernistry. Fornialiii-fixed. putraffil-i-litbedded sectionls lobular, and one iiixed tutmiur (Fig. IA). To further demionstrate AKT2
were subjected to aniigieni retrieval by' boilitng ill 0.(01 NI Soiuimi(ll citrate bilffer Cciaini ratclcr enrfrie etribo nlsso

actllio an brsa1 cacr and pehydroimed Theer blotanlyteso
lpH 6.11) inamiicriiwave ovnafter dewaxilg inc reyrto. Th tetsa L lii yaeswtlast
ABC Kit for sheep lgG ( Vector Laboratitries) witxs used FtoF111 Fitillstai u thle tuo yae ih hsh-e 7 atntibody'. aphosphorylation sit

tissue sectbonls wvithi pliosplii-S473 Akt anttibody' Icalah)Iigu n~Iti tthr 016-8011 - that is critical f(or activaitioin oif three isoformis of Akt ( 171. To avoid

MIN: Upstate Biitiechniilogy'). ElidorIttIeNo perox idase anid bio i Ii were the eriiss-reactioli, thle tUirtor lysates wvere incubated wvith anti-AKT2
blocked. atid sectionts wvere incubated I hI att room templteraiture xvith i 1:25(1 anitibody. The AKT2 imlt~-iunoprecipitates were separated by' SDS-
dilutiotn (If' antibody lto pbtsplio-S473 Alit. The remainder iif the stalininig PAGE and probed wsith phospho-Ser473 anitibody. Phiosphtry'lated
proceedure wats perf:ormed utccitrhiiig to the Mlaniufactiurer's inlStrCiiciitts Msitig AKT2 was detected onily in breast tumors wxithi elevated AKT2 kinase
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REGULATORY INTERACTIONS BETWEEN P13K/AKT2 AND ERa
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Phospho-S473 AKT2 - .. . .- -

ERca - - _

IgG - - q . - --

B

a b
Fig• 1. Activation of AKT2 in human primary

breast cancers. A (top panel), in vitro kinase assays

of immunoprecipitated AKT2 from representative ..

frozen breast tumor specimens. Normal mammary
tissue (N) was used as a control. Bottomt panels,
Western blot analyses of AKT2 and ERa immuno-
precipitates with anti-phospho-Ser473 Akt and anti-
ERa antibodies, respectively. B, immunochemical " ,

staining of the paraffin sections prepared from pri- .

mary breast adenocarcinomas with anti-phospho-.. - *

S473 Akt (a c) and anti-ERa (d) antibodies. Strong
staining with both antibodies was observed in tumor
cells (white arrows), whereas weak immunoreaction - -
was detected in stromal tissue and adjacent ductal d
epithelium (black arrows). Photomicrographs c and c d
d are the same specimen but different sections. C, Int
vitro P13K assay of anti-p85 immunoprecipitates A,

from 11 tumor and one normal specimen. The . X

specimen numbers correspond to the same tumors
shown in A. ,-

C
1 2 3 6 7 9 12 15 5 16 18 N

PI3,4,5P 3 - * 9 *

P14,5P 2•-- @ @. e9 @ 0

activity (Fig. IA). Because stromal tissues account for approximately specimens without AKT2 activation (Fig. 1C), indicating that activa-
20-30% of the tumor specimens used in this study, we examined tion of AKT2 in breast cancer predominantly results from P13K
whether the activation of AKT2 is derived from the tumor cells or the activation. Moreover, Western blot and immunohistochemistry anal-
stromal tissues by immunostaining paraffin sections with a phospho- yses with anti-ERa antibody revealed that 88% of the cases (28 of 32)
Ser473 Akt antibody. Positive staining of tumor cells was detected in with PI3K/AKT2 activation showed strong ERa positive (Fig. 1, A
all of the 32 cases with AKT2 activation, whereas no staining was and B), whereas only 54% of the cases (14 of 26) without PI3K/AKT2
observed in normal ductal epithelial cells (Fig. lB). These data sug- activation exhibited positive ERa, suggesting that activated P13K/
gest that activation of AKT2 is a common occurrence in human breast AKT2 could be involved in the regulation of ERa activity in breast
cancer. cancer cells. In addition, the majority of cases with AKT2 activation

Because AKT2 is a downstream target of P13K, which is activated are late stage (23 of 32 at stages III and IV) and poorly differentiated
in colon and ovarian carcinoma (20, 22, 23), we next examined the tumors (19 of 32), indicating that PI3K/AKT2 activation in breast
P13K activity in breast tumors by in vitro P13K assay. Because of the cancer may be associated with tumor progression rather than initia-
fact that all of the tumors with elevated P13K activity result in tion.
activation of Akt (20, 22-24), immunoprecipitation with a pan-p85 AKT2 Activates ERa-mediated Transcription in a Ligand-
antibody was performed in 58 breast tumor specimens, including 32 independent Manner. Previous studies (1, 25) have shown that
with AKT2 activation and, as control, 26 without AKT2 activation. MAPK is activated in breast cancer and contributes to estrogen-
The ability to convert PI-4,5-P 2 to PI-3,4,5-P 3 was determined. Ele- independent breast tumor cell growth by direct phosphorylation of
vated P13K activity was detected in all of the 32 specimens that ERa. Moreover, several other signal molecules, including protein
exhibited AKT2 activation. No P13K activation was observed in 26 kinase A, casein kinase II, pp90rskt, and MEKKl/p38, have been
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Fig. 2. AKT2 and P13K activate ERa transcriptional activity. A-I), reporter assays: MCF-7 cells were transfected with ERE2-TK-LUC reporter, 0-galactosidase. and indicated
expression constnicts. After 36 h of transfcction, the cells were seruti.-starved overnight and treated with indicated agents. LIcifcrase activity %%as normalized to 0-galactosidase activity.

shown to activate ERa-mediated transcription, possibly resulting in tively regulates P13K, inhibited constitutively active p110-induced
hormone-independent tumor cell growth (1, 8-10, 26). Because ERa-mediated transcription but had no effect on constitutively acti-
AKT2 and P13K are frequently activated in breast cancer and the vated AKT2-stimulated ERa activity (Fig. 2B).
majority of cases with AKT2 activation are ERa positive, we inves- Moreover, we have observed that exogenous expression of ERa in
tigated whether AKT2 and P13K regulate ERa-mediated transcription. ERa-positive MCF7 cells increased wild-type AKT2-induced ERE2-
ERca-positive MCF7 breast cancer cells were transiently transfected TK-LUC activity 2-3-fold as compared with cells transfected with
with a reporter construct containing a luciferase gene regulated by two wild-type AKT2 alone (Fig. 2C). implying that ERae might activate
estrogen response elements (ERE2-TK-LUC) and a plasmid express- AKT2 kinase and subsequently enhance its own transcriptional activ-
ing P-galactosidase that allows the luciferase data to be normalized ity (see below). Taken collectively, these data indicate that P13K/
for transfection efficiency. In addition, the cells were transfected with AKT2-activated ERan-mediated transcription is estrogen-independent
expression constructs for constitutively activated pl loa (p1 10o- and that the frequently elevated level of PI3K/AKT2 kinase in pri-
K227E) subunit of P13K, wild-type, constitutively activated, and mary breast cancer could relate the refractoriness of hormone therapy.
dominant-negative AKT2 or vector alone. As shown in Fig. 2, p1 IOa- AKT2 Mediates Growth Factor-induced ERa Transcriptional
K227E or myr-AKT2 increased ERE2-TK-LUC activity 3-4-fold in Activity. A very recent study (28) showed that Aktl mediates the
the absence of estradiol. Constitutively activated p1 l0o-induced re- estrogenic functions of EGF and IGFI. Next. we examined the pos-
porter activity was attenuated by dominant-negative mutant AKT2 sible role of AKT2 in growth factor-induced ERa activation. ERa-
(Fig. 2A). Tamoxifen (4-hydroxytamoxifen), an antiestrogen reagent positive MCF7 cells were transfected with ERE2-TK-LUC and dom-
that inhibits transcriptional activation by AF2 but not through AFI inant-negative, wild-type, or constitutively activated AKT2 or vector
(5), abolished estradiol-enhanced transcription but had no effects on alone and were treated with or without either 100 ng/ml EGF or 50
p1 IIO-K227E and myr-AKT2-stimulated ERa activity (Fig. 2, A and ng/ml IGFI (Fig. 2D). Treatment with the growth factors resulted in
B). suggesting that Pl3K/AKT2-increased ERa transcriptional activity an approximately 4.5-fold increase in ERa-mediated transcriptional
is regulated by phosphorylation of ERa within the AFI region and activity. The EGF- and IGFI-induced reporter activity w'as partially
could be involved in tamoxifen resistance, abrogated by dominant-negative AKT2 or PI3K inhibitor LY294002

ICI 164.384. which causes rapid degradation of ERay (6, 27), and completely blocked by the combination of PI3K and MAPK
completely blocked P13K- and AKT2-induced reporter activity, inhibitors (LY294002 and PD98059). However, the combined inhib-
PTEN. a tumor suppressor encoding a lipid phosphatase that nega- itors had no effect on constitutively activated AKT2-induced reporter
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Fig. 3. AKT2 phosphorylates ERu on serine-167 in vitro and in vivo. In vitro AKT2 kinase assay of the immunoprecipitates from HEK293 cells transfected with indicated expression
constructs. Full length of human recombinant ERa (A), GST-ERa-S167, and GST-ERa-S167A (B) were used as substrates. C, COS7 and MCF7 cells were transfected with indicated
plasmids and incubated with [

32
p]pi for 4 h. Immunoprecipitates were prepared with anti-myc (left) or anti-ERa (right) antibody and separated by SDS-PAGE. After transfer, the

membrane was exposed to a film (top) and detected with anti-ERa antibody (bottoni). D, AKT2 phosphorylation of serine-167 is essential for AKT2-induced ERa transcriptional
activity. Luciferase reporter assay of HEK293 cells transfected with ERE2-TK-LUC, wild-type ERa, or ERa-S167A, 0-galactosidase, and myr-AKT2.

* activity. These results suggest that the "steroid-independent activa- (Ser-104, Ser-106, Ser-118, and Ser-167) in the AF-1 region of the
tion" of ERa by growth factors is mediated by the PJ3K/AKT2 receptor that are predominantly phosphorylated in response to estro-
pathway, in addition to MAPK, PKA, casein kinase II, and pp90'skt. gen and growth factor stimulation (1-4). We examined the ERa

AKT2 Phosphorylated Serine-167 of ERa in Vitro and in Vivo. protein sequence and found that serine-167 (
t 6 2RERLAS 167) is a

Phosphorylation of ERa has been shown to be an important mecha- putative AKT2 phosphorylation site. Constructs expressing GST-
nism by which ERa activity is regulated. ERa is hyperphosphorylated fused wild-type and mutant (S 167A) AF-1 region were created. In
on multiple sites in response to hormone binding and growth factor vitro kinase assays revealed that myr-AKT2 and EGF-stimulated
stimulation (1-4). Transcriptional activation by growth factors has AKT2 strongly phosphorylated GST-ERa-S167 but not GST-ERa-
been shown to require AF-1 but not AF-2 (1, 8-10). There is evidence S 167A mutant (Fig. 3B). The EGF-induced AKT2 phosphorylation of
to suggest that EGF and IGF- 1 induce MAPK and pp9Ork /casine ERa is blocked by wortmannin. To examine whether AKT2 phos-
kinase II activity leading to phosphorylation of serine- 118 and serine- phorylates serine-167 in vivo, COS7 cells were transfected with myc-
167, respectively, in AF-1 region (4, 5, 8-10). To examine whether tagged wild-type and mutant (S167A) human ERa expression con-
AKT2 phosphorylates ERa in vitro, HEK293 cells were transfected structs together with constitutively activated AKT2. After 36 h of
with HA-tagged wild-type and constitutively activated AKT2, and transfection, the cells were incubated with [32p]Pi and immunopre-
immunoprecipitation was prepared with anti-HA antibody. In vitro cipitated with anti-myc antibody. As demonstrated in Fig. 3C, con-
AKT2 kinase assays, using full length of human recombinant ERa as stitutively active AKT2 phosphorylated wild-type ERa but not the
substrate, revealed that constitutively activated AKT2 and EGF- ERa-S167A mutant in vivo, suggesting that serine-167 of ERa is a
induced AKT2 strongly phosphorylated hERa. The ERa phosphoryl- physiological substrate for AKT2.
ation that was induced by EGF-stimulated AKT2 was abrogated by Previous studies (29) showed that serine-167 is important for ERa
wortmannin (Fig. 3A). transcriptional activity. To further examine whether AKT2-activated

To determine whether AKT2 phosphorylates ERa in vivo, MCF7 ERa transcriptional activity depends upon phosphorylation of serine-
cells were transfected with constitutively activated AKT2 or pcDNA3 167, reporter assays were carried out in HEK293 cells transfected with
vector alone and labeled with [32p]Pi. The cell lysates were incubated ERE2-TK-LUC, constitutively activated AKT2, and ERa-S167A or
with anti-ERa antibody, and the immunoprecipitates were separated wild-type ERa. Fig. 3D shows that ERa-S167A had no ability to
on SDS-PAGE. ERs was highly phosphorylated in constitutively mediate constitutively activated AKT2-induced ERE2-TK-LUC re-
activated AKT2-transfected cells but in the cells transfected with porter activity, indicating that AKT2 regulates ERa-mediated tran-
vector alone (Fig. 3C). These data indicate that AKT2 phosphorylated scription through phosphorylation of serine-167.
ERa both in vitro and in vivo. ERa Binds To and Activates PI3K/AKT2 in Epithelial Cells via

Martin et al. (28) recently demonstrated that EGF- and IGF1- a Ligand-independent Mechanism. Recent studies (30, 31) demon-
induced Aktl potentiates the AF-1 function of ERa, possibly through strated that ERa binds to the p85a regulatory subunit of P13K after
the phosphorylation of serine residues. There are four serine residues estradiol treatment, leading to the activation of PI3K/Akt and endo-
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Previous studies have demonstrated that AKT1 and AKT3 are activated by heat

shock and oxidative stress via both phosphatidylinositol 3-kinase (PI3K)-dependent and -

independent pathways. However, the activation and role of AKT2 in the stress response

have not been fully elucidated. In this study, we show that AKT2 in epithelial cells is

activated by UV-C irradiation, heat shock, and hyperosmolarity, as well as by tumor

necrosis factor cx (TNFa) through P13K-dependent pathway. The activation of AKT2

inhibits UV- and TNFo-induced c-Jun N-terminal kinase (JNK) and p38 activities that

have been shown to be required for stress- and TNFa-induced programmed cell death.

Moreover, AKT2 interacts with and phosphorylates IKKa. The phosphorylation of IKKcc

and activation of NFKB mediates AKT2 inhibition of JNK but not p38. Furthermore, P13K

inhibitor or dominant negative AKT2 significantly enhances UV- and TNFa-induced

apoptosis, whereas expression of constitutively active AKT2 inhibits programmed cell

death in response to UV and TNFcc stimulation with accompanying decreased JNK and p38

activity. These results indicate that activated AKT2 protects epithelial cells from stress-

and TNFx-induced apoptosis by inhibition of stress kinases and provide the first evidence

that Akt inhibits stress kinase JNK through activation of NFKB pathway.



Exposure of cells to environmental stress results in the activation of several signal

transduction pathways including the MEKK4/MKK7/JNK, MKK3/MKK6/p38, and

IKK/IKB/NFKB cascades. Stress-induced clustering and internalization of cell surface receptors,

such as those for platelet-derived factor (PDGF), tumor necrosis factor Cc (TNFa ), epidermal

growth factor (EGF), and insulin-like growth factor 1 (IGF1), mediate stress-kinase activation

(1-3). Recent studies suggest that nearly all stress stimuli activate phosphotidylinositol 3-kinase

(P13K) (1), and of the downstream targets of P13K, Akt is thought to play an essential role in the

cellular response to stress.

Akt, also termed protein kinase B (PKB) or RAC kinase, represents a family of P13K

regulated serine/threonine kinases (4, 5). Three different isoforms of Akt have been identified:

AKT1/PKBcc(AKT1), AKT2/PKB[3(AKT2), and AKT3/PKBy (AKT3), all of which are

activated by growth factors in a P13K dependent manner (4-9). Full activation of the Akts

requires their phosphorylation at Thr30 8 (AKT1), Thr30 9 (AKT2), or Thr30 5 (AKT3) in the

activation loop and Ser 47 3 (AKT1), Ser 47 4 (AKT2), or Ser472 (AKT3) in the C-terminal activation

domain (9). AKT1, the most studied isoform which was originally designated as Akt, suppresses

apoptosis induced by a variety of stimuli, including growth factor withdrawal and loss of cell

adhesion. Possible mechanisms by which AKT1 promotes cell survival include phosphorylation

and inactivation of the proapoptotic proteins BAD and caspase-9 (10, 11). AKT1 also

phosphorylates and inactivates the Forkhead transcription factors, an event that results in the

reduced expression of the cell cycle inhibitor, p2 7 KipI, and the Fas ligand (12-14). Via

phosphorylation of IKB kinase (IKK), AKT 1 also activates NFKB, a transcription factor that has

been implicated in cell survival (15, 16).
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Two separate studies demonstrated that AKT1 is activated when NIH 3T3 fibroblasts are

stressed in a variety of ways (17, 18). Based on data showing that P13K inhibitors do not prevent

AKT1 activation by stress, these studies concluded that stress-induced AKT1 activation was

P13K-independent. Other studies, however, found that P13K activity was required for AKT1

activation by heat shock or oxidative stress in Swiss 3T3 cells (19, 20). It has been suggested

that certain cellular stresses activate AKT1 and AKT3 but not AKT2 (19), a finding that is

consistent with the different functions of the AKTs as revealed by studies of mice lacking Aktl

or Akt2 (21-23). Nevertheless, activation of AKT2 by stress and the role of AKT2 in the stress

response have yet to be fully explored. The data presented here show that AKT2 is significantly

activated by stress stimuli (e.g., UV irradiation, heat shock, and hyperosmolarity) and by TNFc

in human epithelial cells but not in fibroblasts. Stress-induced AKT2 activation in epithelial

cells is completely blocked by inhibitors of P13K. When activated by stress, AKT2 inhibits JNK

and p38 activities that are required for stress-induced apoptosis. In addition, AKT2 binds to and

phosphorylates IKKca and consequently activates NFKB resulting in inhibition of programmed

cell death in response to stress stimuli. Moreover, AKT2-induced NFicB activation is required

for the inhibition of JNK, but not p38, activity.

EXPERIMENTAL PROCEDURES

Cell Lines, Transfection, and Stimulation - The human epithelial cancer cell lines,

A2780, OVCAR3 and human embryonic kidney (HEK) 293 cells were cultured at 37 0C and 5%

CO 2 in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. The cells

were seeded in 60 mm Petri dishes at a density of 0.5 x 106 cells per dish. Following incubation
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overnight, the cells were transfected with 2 [tg of DNA per dish using LipofectAMINE Plus

(Invitrogen Life Technologies). After 36 h of the transfection, the cells were serum-starved

overnight and stimulated with UV-C irradiation, heat (450C), 0.4 M NaCl, or 20 to 50 ng/ml

TNFoc.

Expression Constructs - The cytomegalovirus (CMV)-based expression constructs

encoding wild type HA-AKT2, constituitively active HA-Myr-AKT2, and dominant negative

HA-E299K-AKT2 have been described (24). The HA-JNK1 construct was kindly provided by

Michael Karin (School of Medicine, University of California at San Diego). GST-c-Jun (1-79)

and pCMV-Flag-p38 were gifts from Roger J. Davis (School of Medicine, University of

Massachusetts). The constructs used in the study of the NFiB pathway were prepared as

previously described (25).

Immunoprecipitation and Immunoblotting - Cells were lysed in buffer containing 20 mM

Tris-HCl (pH 7.5), 137 mM NaCl, 15% (vol/vol) glycerol, 1% NP-40, 2 mM

phenylmethylsufonyl fluoride, 2 .tg/ml aprotinin and leupeptin, 2 mM benzamidine, 20 mM

NaF, 10 mM NaPPi, 1 mM sodium vanadate, and 25 mM 13-glycerolphosphate. Lysates were

centrifuged at 12,000 g for 15 min at 40C prior to immunoprecipitation or Western blotting.

Aliquots of the cell lysates were analyzed for protein expression and enzyme activity. For

immunoprecipitation, lysates were precleared with protein A-protein G (2:1) agarose beads at

40C for 20 min. Following the removal of the beads by centrifugation, lysates were incubated

with anti-HA monoclonal antibody 12CA5 (Roche Diagnostics), anti-flag antibody (Sigma), or

anti-AKT2 antibody (Santa Cruz Biotechnology) in the presence of 30 41 of protein A-protein G
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(2:1) agarose beads for 2 h at 40C. The beads were washed once with buffer containing 50 mM

Tris-HCI (pH 7.5), 0.5 M LiC1, and 0.5% Triton X-10, twice with phosphate buffered saline

(PBS), and once with buffer containing 10 mM Tris-HCI (pH 7.5), 10 mM MgCI 2, 10 mM

MnCl 2, and 1 mM DTT, all supplemented with 20 mM [3-glycerolphosphate and 0.1 mM sodium

vanadate. The immunoprecipitates were subjected to in vitro kinase assay or Western blotting

analysis. Protein expression was determined by probing Western blots of immunoprecipitates or

total cell lysates with the antibodies described above or with the appropriate antibodies as noted

in figure legends. Detection of antigen-bound antibody was carried out with the ECL Western

Blotting Analysis System (Amersham).

In vitro Protein Kinase Assay - Protein kinase assays were performed as previously

described (26, 27). Briefly, reactions were carried out in the presence of 10 p.Ci of [7-32P] ATP

(Perkin Elmer Life Sciences) and 3 4tM cold ATP in 30 p1 buffer containing 20 mM Hepes (pH

7.4), 10 mM MgCI 2, 10 mM MnCl 2, and 1 mM dithiothreitol. Histone H2B was used as

exogenous substrate. After incubation at room temperature for 30 min, the reaction was stopped

by adding protein loading buffer and proteins were separated on SDS-PAGE gels. Each

experiment was repeated three times and the relative amounts of incorporated radioactivity were

determined by autoradiography and quantitiated with a Phosphoimager (Molecular Dynamics).

PI3K Assay - P13K was immunoprecipitated from the cell lysates with pan-p85 antibody

(Santa Cruz Biotechnology). The immunoprecipitates were washed once with cold PBS, twice

with 0.5 M LiCI/0.1 M Tris (pH 7.4), and finally with 10 mM Tris/100 mM NaCl/1 mM EDTA.

The presence of P13K activity in immunoprecipitates was determined by incubating the beads in
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reaction buffer (10 mM HEPES [pH 7.4], 10 mM MgC12, 50 ýtM ATP) containing 20 pCi [7-3 2p]

ATP and 10 pig L-cc-phosphatidylinositol 4, 5-bis phosphate (Biomol) for 20 min at 25 0C. The

reactions were stopped by adding 100 jtl of 1 M HCl. Phospholipids were extracted with 200 [d1

CHC13/MeOH and phosphorylated products were separated by thin-layer chromatography as

previously described (24). The conversion of PI 4,5-P 2 to PI 3,4,5-P 3 was detected by

autoradiography and quantitiated with a Phosphoimager.

NFKB Transcriptional Activation Analysis - HEK293 cells were seeded in 60-mm dishes

and transfected with 1.5 p.g NFKB reporter plasmid (pElam-luc), 0.8 pLg pSV2-[-gal and

different forms (wild-type, constitutively active, or dominant-negative) of HA-AKT2 or vector

alone. The total amount of DNA transfected was increased to 6 ptg with empty vector DNA.

Following serum starvation overnight, the cells were treated with UV (40J/m2) or TNFoc (20

ng/ml), and lysed with 400 pd/dish of Reporter Lysis buffer (Tropix). The cell lysates were

cleared by centrifugation for 2 min at 40C. Luciferase and P3-galactosidase assays were

performed according to the manufacturer's procedures (Promega and Tropix), respectively.

Each experiment was repeated three times.

TUNEL Assay - AKT2 stably-transfected A2780 cells were seeded into 60-mm dishes

and grown in Dulbecco modified Eagle medium; supplemented with 10% FCS for 24 h,

pretreated with or without LY294002 for 2 h prior to exposure to UV, heat shock, NaCl, or

TNFcL. Apoptosis was determined by terminal deoxynucleotidyltransferase-mediated dUTP nick

end labeling (TUNEL) using an in situ cell death detection kit (Boehringer Mannheim,
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Indianapolis, IN). The cells were trypsinized, and cytospin preparations were obtained. Cells

were fixed with freshly prepared paraformaldehyde (4% in PBS, pH 7.4). Slides were rinsed

with PBS, incubated in permeabilization solution, followed by TUNEL reaction mixture for

60 min at 37°C in a humidified chamber. After a rinse, the slides were incubated with converter-

alkaline phosphatase solution for 30 min at 37°C and then detected with alkaline phosphatase

substrate solution (Vector Laboratories, Burlingame, CA) for 10 min at 25°C. After an additional

rinse, the slides were mounted and analyzed under a light microscope. These experiments were

performed in triplicate.

RESULTS

AKT2 Is Activated by UV Irradiation, Heat Shock, hyperosmolarity and TNFc -

Previous studies showed that stress activates AKTl and AKT3 but not AKT2 in fibroblasts (19).

It has also been shown that TNFcc receptor mediates UV- and heat shock-induced stress

signaling (1-3). In agreement with these studies, we found that exposure of NIH 3T3 fibroblasts

to UV-C, heat, or hyperosmotic conditions did not result in AKT2 activation (data not shown). It

is possible, however, that stress might activate AKT2 in epithelial cells due to the fact of

frequent alterations of AKT2, but not AKT1 and AKT3, in human epithelial tumors (7, 24, 27).

For this reason we examined the effects of stress on AKT2 activation in two ovarian epithelial

cancer cell lines: A2780 cells, which were transiently transfected with HA-AKT2, and OVCAR3

cells, which express high levels of endogenous AKT2 (7). The cells were exposed to UV-C, heat

shock (45 0C), 0.4 M NaCl, or 20 ng/ml TNFu. IGF1-stimulated cells were used as controls. As

assessed by in vitro kinase and Western blot analyses of AKT2 immunoprecipitates, all the
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stimuli substantially increased AKT2 activity in both A2780 and OVCAR3 cells (Figs. IA and

IB). The levels of AKT2 activity induced by these agents, however, were variable. AKT2

activity induced by TNFcc and UV was comparable to that stimulated by IGF-1, whereas the

effect of heat shock and hyperosmolarity (NaCI) on AKT2 activity was relatively smaller (Fig.

1). Nevertheless, these findings suggest that stresses activate AKT2 in a cell type-specific

manner.

Stress Simulates PI3K that Mediates AKT2 Activation - To show that stress does indeed

activate P13K in epithelial cells, A2780 or HEK293 cells were exposed to UV irradiation, heat

shock, 0.4 M NaCl or TNFcc, and cell lysates immunoprecipitated with antibody to pan-p85, a

regulatory subunit of P13K. Assay of PI3K activity shows that these stress conditions, as well as

TNFax, activated P13K as efficiently as did IGF-1 (Fig. 2A). As described above, stress has been

shown to activate AKT1 by both P13K-dependent and -independent pathways (17, 18). To

assess the role of P13K in the stress-induced activation of AKT2, A2780 cells transfected with

HA-AKT2 were exposed to 25ýtM LY294002, a specific P13K inhibitor, for 30 min prior to

stress or TNFcc treatments. LY294002 effectively inhibited stress- and TNFa-induced AKT2

activation (Fig. 2B). These data provide direct evidences of stress-induced activation of AKT2

through a P13K-dependent pathway in human epithelial cells.

Stress-induced AKT2 Activation Inhibits UV- and TNFca-induced JNK and p38 Activities

- Previous studies demonstrated that two groups of mitogen-activated protein (MAP) kinases,

the JNK and p38, are activated by environmental stress and TNFcX (28). Therefore, we examined

the effects of stress-induced AKT2 activation on the JNK and p38 to determine whether stressed-
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induced AKT2 activation could target these two stress kinases. A2780 cells were transfected

with constitutively active AKT2 or pcDNA3 vector alone. Thirty-six hours after transfection,

cells were treated with TNFot or UV, and analyzed by Western blot for JNK and p38 activation

using anti-phospho-JNK and anti-phospho-p38 antibodies. Both JNK and p38 were activated by

TNFca and UV irradiation. The maximal activation was observed at 10 min of the stimulation.

Expression of constitutively active AKT2, however, exhibited inhibitory effects on the activation

of JNK and p38 that was induced by TNFca and UV irradiation. Notably, the activation of JNK

and p38 in constitutively active AKT2-transfected cells does not significantly differ from that of

the cells transfected with pcDNA3 vector at 10 min of TNFxc treatment. However, the

phosphorylation levels of JNK and p38 in the cells expressing constitutively active AKT2

declined much greater than that of pcDNA3-transfected cells after 30 min of the stimulation (Fig.

3 and data not shown). We, therefore, conclude that the activation of AKT2 does not activate but

rather inhibits TNFcx- and UV-induced JNK and p38 activities.

AKT2 interacts with and phosphorylates IKKox, but not NIK, leading to IKBco

degradation and NFicB activation - The capacity of both cellular stress and TNFcx to activate the

NFKB pathway is well documented (29). Previous studies have also shown that AKT1 induces

activation of the NFKB by interaction with IKKcx (13, 14). However, to date there are no reports

addressing the potential role of AKT2 in the activation of NFKB pathway. To determine if

AKT2 associates with IKKoc, HEK293 cells were treated with or without TNFoC,

immunoprecipitated with anti-AKT2 and immunoblotted with anti-IKKc. antibody or vice versa.

In both instances, the association of AKT2 with IKKca was observed (Fig. 4A). Additional

studies showed that AKT2-IKKca interaction was unaffected by treatment of cells with P13K
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inhibitor, wortmannin or LY294002 (Fig. 4A). These findings indicate that AKT2 constitutively

associates with IKKax. In addition, we have identified putative AKT2 phosphorylation sites in

the IKIKa (18RERLGT23) and in NFKB inducing kinase (NIK, 366RSREPS371). To determine if

IKKct and/or NIK are phosphorylated by AKT2, A2780 cells were transfected with different

forms of AKT2 and treated with LY294002 and TNFcx. In vitro AKT2 kinase assays were

performed using Flag-IKKcL or HA-NIK, purified from the transfected COS7 cells, as substrate.

Repeated experiments show that TNFxc-induced AKT2 and constitutively active AKT2

phosphorylated IKKca (Fig. 4B) but not NIK (data not shown). Phosphorylation of IKKct

induced by TNFa. was largely attenuated by P13K inhibitor LY294002. Quantification analyses

revealed that approximate 70% of TNFax-induced IKKca phosphorylation was inhibited by

pretreatment with LY294002 (Fig. 4B). Furthermore, we assessed if AKT2 phosphorylates

IKKca in vivo. COS7 cells were transfected with Flag-IKKca together with either constitutively

active or dominant-negative AKT2 or vector alone and labeled with [17- 32p]-othophosphate.

IKKox immunoprecipitates prepared using anti-Flag antibody were separated by SDS-PAGE and

transferred to nitrocellulose. The phospho-IKKca was detected by autoradiography. As shown in

Fig. 4C, IKKoc was highly phosphorylated in cells expressing constitutively active AKT2 but not

in the cells transfected with pcDNA3 and dominant-negative AKT2. Collectively, these data

indicate that IKKca is an AKT2 physiological substrate.

Activation of NFKB requires its dissociation from its cytosolic inhibitor, IKB, a process

dependent on the phosphorylation and consequent degradation of IKB by IKK. Thus, we next

examined if AKT2 induces IKB degradation. Immunobloting analyses revealed that

constitutively active AKT2 significantly promoted IKBc• degradation (Fig. 4D). To assess the
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involvement of AKT2 in NFKB activation, HEK293 cells were co-transfected with a NFKB-

luciferase reporter and either vector alone, wild-type, constitutively active or dominant negative

AKT2, and treated with or without LY294002 prior to UV or TNFxc stimulation. As shown in

Fig. 4E, ectopic expression of wild-type AKT2 significantly enhanced UV- and TNFca-iinduced

the NFKB activity, which was abolished by treatment of cells with LY294002 or dominant

negative AKT2. Constitutively active AKT2 alone was able to induce NFKB activity to a level

comparable with UV- or TNFct-treated cells transfected with wild-type AKT2. These data show

that PI3K/AKT2 mediates both stress and TNFca activated NFKB pathway.

To determine AKT2 phosphorylation site of IKKox, GST fusion proteins containing either

wild-type IKKc' (18 RERLGT 23; termed GST-WT-IKKc) or mutant IKKct (8RERLGA 23; termed

GST-IKKaT23A) were prepared and used as substrates in in vitro AKT2 kinase assays. As seen

in Fig. 5A, UV- and TNFc-activated AKT2, as well as constitutively active AKT2,

phosphorylated GST-WT-IKKcL but not GST-IKKCLT23A. We next assessed the capacity of

AKT2-induced IKKcL to phosphorylate IKBux. Constitutively active AKT2 was expressed in

HEK293 cells, and cell lysates were immunoblotted with an antibody that specifically recognizes

phosphorylated IKBcx at Ser32. The results of these experiments show that constitutively active

AKT2 increased IKBca phosphorylation approximately two-fold and that this increase was

abolished by cotransfection of pcDNA3-IKKcT23A. Expression of IKKocT23A also blocked

IKBGL phosphorylation induced by TNFct or UV (Fig. 5B). Additional luciferase reporter

experiments demonstrated that expression of IKKacT23A inhibited the TNFc•- or constitutively
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active AKT2-induced NFKB activation (Fig. 5C). These data indicate that phosphorylation of

IKKcL at Thr23 is required for AKT2-mediated NFKB activation.

IKIX( phosphorylation by AKT2 Is Required for Inhibition of JNK but not p38 Activation

- Recent studies showed that NFKB exerts its cell survival function by inhibition of JNK

activation in response to extracellular stress (30, 31). However, it is currently unknown whether

Akt-induced NFKB activation results in inhibition of JNK. Therefore, we next examined if

AKT2-activated IKKoc is required for AKT2 inhibition of JNK and p38 activities induced by

stress and TNFcx. The activation of JNK and p38 was examined in HEK293 cells transfected

with IKKca or IKKocT23A together with or without constitutively active AKT2. Western

blotting analyses with phospho-JNK and -p38 antibodies revealed that wild type IKKcx did not

significantly enhance AKT2 inhibition of JNK (Fig. 6). However, expression of IKKctT23A

abrogated the effects of constitutively active AKT2 on inhibition of JNK (Fig. 6). Similar to the

results shown in Fig. 3, TNFoa-induced JNK activation reached the maximal level at 10 min of

the stimulation, which was neither significantly inhibited by constitutively active AKT2 nor

affected by expression of IKKaT23A (Fig. 6). Therefore, these data indicate that inhibition of

JNK activation by AKT2/NFKB could be via a mechanism of induction of dephosphorylation of

JNK by AKT2/IKKc/NFKB cascade.

AKT2 Activation Inhibits Stress-induced Apoptosis - It has been documented that various

stresses and TNFcL are capable of inducing apoptosis in different cell types through activation of

JNK and p38 pathways (29). As PI3K/Akt is essential for cell survival and activated AKT2
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inhibits JNK/p38 and induces NFKB pathway, we investigated the role of PI3K/AKT2 in stress-

and TNFou-induced programmed cell death. AKT2 stably-transfected A2780 cells were

pretreated with or without LY294002 for 2 h prior to exposure to UV, heat shock, NaCl, or

TNFc•. As determined by the TUJNEL assay, inhibition of P13K activity dramatically increased

the percentage of cells undergoing apoptosis in response to UV or TNFcL (Fig. 7). Moreover,

inhibition of AKT2 activity by expression of dominant-negative AKT2 increased the percentage

of apoptotic cells in the UV- and TNFct-treated populations by approximately 1-fold. On the

other hand, cells expressing constitutively active AKT2 were resistant to UV- and TNFct-

induced apoptosis. These data show that the PI3K/AKT2 pathway plays a key role in protecting

cells from apoptosis induced by extracellular stress or TNFax.

DISCUSSION

In this report, we have provided evidence that AKT2 is activated by extracellular stress

and TNFcc through a P13K-dependent pathway in human epithelial cells. Most importantly, the

activation of AKT2 inhibits stress- and TNFox-induced JNK and p38 activities and activates the

NFKB cascade, leading to protection of cells from stress- and TNFoC-induced apoptosis.

Previous studies have shown that stress activates cell membrane receptors, including

those for EGF, PDGF, and IGF. As a result, receptors associate with numerous proteins that

activate downstream signaling molecules (1-3). One such protein is P13K, which has been

implicated in the regulation of nearly all stress signaling pathways (1). Since the AKTs are

major downstream targets of P13K, their role in the stress response has been recently

investigated. In Swiss 3T3 cells, both oxidative stress and heat shock were shown to induce a
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marked activation of AKT1 and AKT3 but not AKT2 (19). AKT1 activation by hyperosmotic

stress in COS7 and NIH 3T3 cells has also been demonstrated (17). In this study, we show that

AKT2 is activated by different stress conditions including UV irradiation, hyperosmolarity and

heat shock, as well as by TNFcL, in several human epithelial cell lines.

Three isoforms of Akt display high sequence homology and share similar upstream

regulators and downstream targets as identified so far. However, there are clear differences

between them in terms of biological and physiological function. In addition to the more

prominent role of AKT2 in human malignancy and transformation (7, 32), the expression

patterns of AKT1, AKT2, and AKT3 in normal adult tissues as well as during development are

quite different (4, 8, 33). Recent studies suggest that AKT1, AKT2, and AKT3 may interact

with different proteins and thus may play different roles in signal transduction. For instance, the

Tcll oncoprotein preferentially binds to and activates AKT1 but not AKT2 (34). Gene knockout

studies revealed that Aktl-deficient mice display defects in both fetal and postnatal growth but,

unlike Akt2-' mice, do not exhibit a type II diabetic phenotype; these differences suggest that the

functions of AKT1 and AKT2 are non-redundant with respect to organismal growth and insulin-

regulated glucose metabolism (21-23). It has been also shown that AKT2 but not AKT1 plays a

specific role in muscle differentiation (35, 36). In this study, we demonstrated that AKT2 is

activated by a variety of stress conditions in human epithelial cells but not in fibroblasts,

suggesting that activation of different isoforms of Akt is cell type specific in response to

extracellular stress.
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It is controversial whether stress-induced AKT1 activation is mediated by the P13K

pathway (17-19). Two previous reports showed that P13K inhibitors did not block heat shock- or

H20 2-induced activation of AKT1 and thus suggested that stress (unlike growth factors) activates

AKT1 in a PI3K-indpendent manner (17, 18). However, opposite results were observed by other

groups (19, 20). Konishi et al. also provided evidence of AKT1 activation by H202 and heat

shock through both P13K- dependent and -independent pathways (18). We previously

demonstrated that activation of AKT2 by growth factors required P13K activity whereas both

P13K-dependent and -independent pathways contributed to AKT2 activation by Ras (26). In this

report, we show that PI3K inhibitors completely block AKT2 activation induced by UV-C, heat

shock, and hyperosmolarity, indicating that stress activates AKT2 via the P13K pathway.

JNK and p38 are stress MAP kinases that are activated by cytokines and a variety of

cellular stresses (28). Like the classical MAP kinase kinase (MEK), direct activators for JNK

and p38 have been identified. JNK is activated by phosphorylation of tyrosine and threonine by

the dual specificity kinases, MKK4/SEK1 and MKK7. Similarly, p38 is activated by MKK3 and

MKK6. However, biochemical studies have documented the existence of other JNK and p38

activators or inhibitors in cells stimulated by a variety of cellular stresses (28). Although

previous reports showed that Akt, JNK, and p38 are downstream targets of P13K and represent

parallel pathways in response to stress (17-20, 37, 38), the data presented in this study indicate

that stress- and TNFca-induced activation of AKT2 inhibits the JNK and p38 activities,

suggesting that AKT2 cross-talks with JNK and p38 stress pathways.
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NFKB is another critical stress response pathway (29). Activation of NFKB is achieved

through the signal-induced proteolytic degradation of IKB, which is associated with and inhibits

the activity of NFKB in the cytoplasm. The critical event that initiates IKB degradation is the

stimulus-dependent activation of the IKB kinases, IKKct and IKK 3, which phosphorylate IB at

specific N-terminal serine residues (Ser 32 and Ser 36 for IKBca; Ser19 and Ser23 for INB[3).

Phosphorylated IKB is then selectively ubiquitinated by an E3 ubiquitin ligase and degraded by

the 26S proteasome, thereby releasing NFKB for translocation to the nucleus where it initiates

the transcription of target genes (29). Moreover, two MAP kinase kinase kinase (MAPKKK)

members, NIK and MEKK-1, have been reported to enhance the activity of the IKKs, and

consequently trigger the phosphorylation and destruction of the IKBs and induce the activition of

the NFKB pathway (29). Recent studies also showed that AKT1 induces the NFKB cascade

through activation of IKK and degradation of IKB (13, 14). In this report, we show that AKT2

physically binds to and phosphorylates IKKca, but not NIK even though NIK contains an AKT2

phosphorylation consensus sequence. When activated by stress or TNFox, AKT2 degrades IKB

and activates NFKB-mediated transcription, indicating that stress-activated AKT2 targets the

NFKB pathway.

Importantly, we have provided evidence that activation of AKT2 induced by stress and

TNFa inhibits JNK activity through activation of the NFKB pathway to protect cells from

apoptosis in response to these stimuli. Previous studies showed that the AKT2 pathway is

important for cell survival and malignant transformation (7, 24, 32). The data presented here

show that cells expressing constitutively active AKT2 are resistant to stress- and TNFcx-induced
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apoptosis and that dominant-negative AKT2 and LY294002 sensitize cells to stress- and TNFcU-

induced programmed cell death. These findings indicate that stress-induced AKT2 activation

promotes cell survival. Among the stress-activated kinases are JNK, recent studies demonstrated

that activation of JNK and p38 plays an important role in triggering apoptosis in response to

extracellular stress and TNFa (39-42), whereas activation of NFKB protects cells from

programmed cell death (29). Although a number of downstream targets of AKT2 have been

identified, our data indicate that AKT2-inhibited JNK and p38 activities and AKT2-induced

NFKB activation could play, at least in part, an important role in the AKT2 pathway that protects

cells from stress- and TNFcL-induced apoptosis. Recent reports demonstrated that NFKB-

upregulated Gadd451 and Xiap inhibited JNK activation and abrogated TNFcx-induced

programmed cell death (30, 31). Our cDNA microarray experiments showed that constitutively

active AKT2 induces Xiap (43). Thus, AKT2 inhibition of JNK activity could be due to

upregulation of Xiap by NFKB pathway (Fig. 8). Further studies are required to characterize the

mechanism of inhibition of p38 stress pathway by AKT2 and involvement of Xiap in

AKT2/NFKB inhibition of the JNK activation.
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Figure Legends

Fig. 1. AKT2 is activated by cellular stress and TNFcx. A, In vitro kinase assay of AKT2

immunoprecipitates prepared from A2780 cells transiently transfected with HA-AKT2. Cells

were exposed to 100 ng/ml IGF-1 (15 min), heat shock (450C for 20 min), 0.4 M NaCl (15 min),

40 J/m2 UV-C (254 nm), or TNFcc 20 ng/ml (15 min) and AKT2 activity was determined by in

vitro kinase assay using histone H2B as substrate. B, OVCAR3 cells were treated with indicated

stimuli and immunoprecipitated with anti-AKT2 antibody. The immunoprecipitates were

subjected to in vitro kinase assay (upper) and Western blotting analyses with anti-phospho-

Ser473 Akt (middle) or anti-AKT2 (lower) antibody. Bottom panel shows relative AKT2 kinase

activity quantified by Phosphoimager. Each experiment was repeated three times.

Fig. 2. Activation of AKT2 by cellular stress and TNFca is P13K-dependent. A, In vitro

P13K assay. HA-AKT2-transfected HEK293 cells were exposed to the indicated stimuli. Upper

panel: P13K immunoprecipitates were prepared with anti-pan-p85 antibody and assayed for P13K

activity; Middle panel shows p85 protein level using anti-p85 antibody and bottom panel

represents relative P13K activity quantified by Phosphoimager. B, HA-AKT2-transfected A2780

cells were treated with LY294002 for 30 min prior to exposure to indicated stimuli. HA-AKT2

immunoprecipitates were subjected to in vitro kinase assay. Results were confirmed by four

independent experiments.

Fig. 3. AKT2 kinase inhibits UV- and TNFcx-induced JNK activation. A, Western blotting

analyses of HEK293 cells transfected with indicated plasmids. Cells were lysed at indicated

times after incubation with TNFa and analyzed with anti-phospho-JNK (upper), -total JNK
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(middle) and -HA (lower) antibodies. The immunoblotting analyses were repeated three times.

B, The procedures are the same as (A), except the membranes were probed with anti-phopho-

p38 (upper), -total p38 (middle) and -HA (lower). Graphical presentations show the normalized

density of phosphorylated JNK (bottom of panel A) and p38 (bottom of panel B), decaying from

100 percent.

Fig. 4. AKT2 interacts with and phosphorylates IKKcx, leading to IKBo degradation and

NFKB activation. A, Left panel, Western blotting analyses. HEK293 cell lysates were

immunoprecipitated with anti-AKT2 or IgG (control) and detected with anti-IKKa (top) or anti-

AKT2 (bottom) antibody. Right panel, HEK293 cells were treated with LY294002 or

wortmannin for 30 min; followed by TNFct for 20 min. Immunopreciptates were prepared with

anti-IKKct antibody or IgG and immunoblotted with antibody to AKT2 (top) or IKKu (bottom).

B, In vitro kinase assay analyses of immunoprecipitates prepared from A2780 cells transfected

with indicated plasmids, using immunopurified Flag-IKKca as substrate (upper). Expression of

Flag-IKKcc was confirmed by immunoblotting analysis with anti-Flag antibody (middle).

Bottom panel shows relative phosphorylation levels of IKKCC by AKT2. C, In vivo labeling of

IKKcL from COS7 cells transfected with indicated DNA constructs, treated with or without

TNFc, and incubated with [y-32p]-othophosphate for 4 h. IKKcx immunoprecipitates were

separated by SDS-PAGE, transferred to nitrocellulose, exposed to film (top), and then detected

with anti-IKKc antibody (bottom). D, AKT2 induces IKBcc degradation. HEK293 cells were

transfected with indicated plasmids and treated with cycloheximide (50 ýtg/ml) for 1 hour before

treatment with 50 ng/ml TNFca for up to 60 min. Cell lysates were immunoblotted with antibody

to IKBct (left panels) or 13-actin (right panels). Degradation of IKBca was quantified with a
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densitometer. Bottom panel shows the degradation rate of IKBax by normalizing density of

IKBU bands at 0 time point as 100 percent. E, Reporter assays. HEK293 cells were transfected

with 2xNFKB-Luc, [3-galactosidase and WT-AKT2, Myr-AKT2, or DN-AKT2, pretreated with

or without LY294002 and subsequently exposed to 40 J/m2 UV-C or 20 ng/ml TNFcc. Cell

lysates were assayed for luciferase activity and normalized by [3-galactosidase activity. Error

bars represent standard deviation. Data were obtained from triplicate experiments.

Fig. 5. AKT2-phosphorylated IKKct at threonine-23 is required for stress-induced NFKB.

A, AKT2 phosphorylation of IKKoa at threonine-23. In vitro kinase assay of AKT2

immunoprecipitates prepared from A2780 cells transfected with indicated plasmids and treated

with or without UV or TNFa'. GST-fused wild-type IKKox ("8RERLGT 23) or mutant IKKca

( 18RERLGA 23) was used as substrate. B, AKT2 induces IyBcx phosphorylation. HEK293 cells

were transfected with indicated expression constructs. Thirty-six hours after transfection, cells

were treated with 20 ng/ml TNFoc for 30 min or irradiated with 40 J/m 2 UV followed by 30 min

incubation. Cell lysates were immunoblotted with anti-phospho-IKBat (upper) or anti-

IKBct (middle) antibody. The band density of the phospho-IlcBcL was quantified (bottom). C,

Luciferase reporter assay. HEK293 cells were transfected with indicated plasmids. After

treatment with or without 20 ng/ml TNFca for 12 h, cell lysates were assayed for luciferase

activity and normalized by f3-galactosidase activity. Results were obtained from three

independent experiments.
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Fig. 6. AKT2 phosphorylation of IKKc• is required for its inhibition of TNFc-induced JNK

activity. Immunoblotting analyses of HEK293 cells transfected with indicated expression

constructs and treated with TNFcc (20 ng/ml). The blots were probed with anti-phospho-JNK

(upper) and -total JNK (middle) antibodies. Results represent one of three independent

experiments. Bottom panel shows the quantification of phosphorylated INK at indicated time

points.

Fig. 7. AKT2 activation inhibits stress-induced apoptosis. A2780 cells, stably transfected

with constitutively active AKT2, DN-AKT2 or vector alone, were pretreated with or without 25

giM LY294002 for 2 h prior to exposure to UV-C (300 J/m 2) (A), or TNFa (50 ng/ml) for 24 h

(B). Apoptosis was assessed by TUNEL assay. Lower panel: Quantitation of data shown in (A)

and (B) were derived from triplicate experiments. Error bars represent standard deviation.

Fig. 8. Schematic illustration of negative regulation of JNK by AKT2/NFKB.

26



A

Histone H2B L7
Phosporylation

HA-AKT2 0040%moW*

B - u -

-n 0 U0-1 z
Histone H2B ______________ _____

Phosporylation
Phosporylated _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

AKT2

AKT2

10-

Cd

2- -

0

FIGi1



A - u

PJ-3,4,5-.P3 %*o w*00,*o

PJ-4,5-P3 MO.

8-

6

4-

2

0

u
B >z

LY294002 - + - + - + - +

Histone H2B
Phosporylation

HA-AKT2 'OWo wo*_ wwoA

FIG 2



ApcDNA3 Myr-AKT2

TNFux(2Ong/ml) 0 10 30 60 90 180 0 10 30 60 90 180 (min)

P-JNK__

Total JNK

H1A-AKT2

0

Ca)

0 10 30 60 90 180 min

BpcDNA3 Myr-AKT2

TNFct(2Ong/ml) 0 10 30 60 90 180 0 10 30 60 90 180 (min)

p-p38 4MN ww.-o

Total p38 OWM M ýmmamoe0 N

HLA-AKT2 -Mg -a wOM w"o

800

0~6

0 60-

>) 40

20

10 30 60 90 180 min

FIG 3



___________________Anti-IKK Rabbit Cell

lp Cell Mouse Anti - Cell I? TNFx TNFa TNFa IgG lysate
lysate~ IgG AKT2 lys ate LY Wort

TKKa AN*__io AKT - oo

B TNFoa - + + + C
WT-AKT2 + + -

Myr-AKT2 - + - - -

DN-AKT2 - + - - +
LY294002 - - + - - T~
IKKa mm__ _ __ _ _ _ _

phosphorylation

FLAG-JKKcx IN~wmm mw

8 -Phosphorylated
6

IKKcLc

IgG
2 -

S0

FIG 4



D

TNFct 5Ong/ml (mmn)

0 20 40 60 0 20 40 60
pcDNA3

pcDNA3
LY294002

Myr-AKT2
IB: Anti-IicBa Anti-Actin

100 -

80-

S60-

2 40-
--- pcDNA3+LY294002

20- -- 0-- pcDNA3
-*~ yr-AKT2

Ol 0 20 40 60 min

E
;s -i- Untre ate d

-0MUv
TN Fa

'-'

4-.

pcDNA3 WT-AKT2 WT-AKT2 Myr-AKT2 DN-AKT2

FIG 4 (Continued)



A B
TNF a UV

GST-WT-IKKat +- +- + +- - 18RERLGT23 1 2 3 4 5 6 7

GST-IKKI'T23A +-- + - + 18RERLGA2 3  p-IKBcX __________

(Ser32) .... 00......

IKB cc 0

C
8- _8 _ Untreated

•0 M TNFa3

-6-T
0

2-
0

0

,t;
um 2- T

S• o
0 pcDNA3 IKKotT23A Myr-AKT2y-AT 0 1 2 3 4 5 6 7

I KIT2

FIG 5



Myr-AKT2 Myr-AKT2 +WT-IKJ~x Myr-AKT2 +IKKcxT23A

TNFa(2Ong/ml) 0 10 30 60 90 180 0 10 30 60 90 180 0 10 30 60 90 180 (min)

p-INK-

Total INK

100 -

ýO-0..

0 0

o~60-
Cd0

-U

20W Myr-AKT2
2-n-m--Myr-AKT2±WT-LKKcix

0 ~- -)- - Myr-AKT2+IKKcLT23A

0~ I

10 30 60 90 180 min

FIG 6



A B

pcDNA3 pcDNA3 + LY294002 pcDNA3 pcDNA3 + LY294002

Myr-AKT2 DN-AKT2 Myr-AKT2 DN-AKT2

UV 300 J/M2  TNFcL 5Ong/ml

40.

30

O 20-

S10-

~0-

UV 300 J/M2  TNF a~ 5Ong/ml

FIG 7



iNFx, UV, Heat SokI
Outside

Inside

AKT2

]K0ý MKK7

p3-Q I JNK-0T
p38-0 IKB•x-® 1+ NFKB JNK l

Degradation I
Nucleus •

Target genes transcription

op Activation Inhibition Tnslocation - Phosphorylation

FIG 8



- ?F" '• Principal Investigator/Program Director (Last, first, middle):

Zeng-qiang Yuan, Predoctoral Fellowship Awardee

BIOGRAPHICAL SKETCH

Provide the following information for the key personnel in the order listed on Form Page 2.
Photocopy this page or follow this format for each person.

NAME POSITION TITLE

Zeng Qiang YUAN Ph. D. Candidate

EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, and include
postdoctoral training.)

DEGREE

INSTITUTION AND LOCATION ((if applicable) YEAR(s) FIELD OF STUDY

Qingdao Medical College, Qingdao, P. R. China M.D. 1995 Medicine

Beijing Academic College, Beijing, P. R. China M.S. 1998 Pathophysiology

RESEARCH AND PROFESSIONAL EXPERIENCE: Concluding with present position, list, in chronological order, previous employment, experience, and honors.
Include present membership on any Federal Government public advisory committee. List, in chronological order, the titles, all authors, and complete references to all
publications during the past three years and to representative earlier publications pertinent to this application. If the list of publications in the last three years exceeds
two pages, select the most pertinent publications. DO NOT EXCEED TWO PAGES.

Professional Experience:

Research fellow, Department of Pathophysiology, Basic Research Institute, Beijing Academic
College, Beijing, P. R. China

1998-present Ph, D. student, H. Lee Moffitt Cancer Center and Research Institute of Medicine,
University of South Florida, Tampa, FL

Honors and Awards:

1991-1995 Outstanding Student Scholarship, Qingdao Medical College, Qingdao, P. R. China
1996-1998 Outstanding Student Scholarship, Department of Pathophysiology, Basic Research Institute,

Beijing Academic College, Beijing, P. R. China
2000 Superior Presenter in USF HSC Research Day in February 10, 2000.

Travel Award for AACR meeting from Medical School, USF
2001 Fellowship from Department of Defense Breast Cancer Research Program (BCRP)

Superior Presenter in USF HSC Research Day in February 10, 2001.
2002 Superior Presenter in USF HSC Research Day in February 14, 2002.

Publications:

1. Yuan, Z.Q., Sun, M., Feldman, R.I., Wang, G., Ma, X., Coppola, D., Nicosia, S.V. and Cheng, J.Q.
Frequent alterations of AKT2 and induction of apoptosis by inhibition of phosphoinositide-3-OH
kinase/Akt pathway in human ovarian cancer. Oncogene 19:2324-2330, 2000.

PHS 398 (Rev. 4/98) Page 1 FF
Number pages consecutively at the bottom throughout the application. Do not use suffixes such as 3a, 3b.



Principal Investigator/Program Director (Last, first, middle):

2. Yuan ZQ, Feldman RI, Sun M, Olashaw NE, Coppola D, Sussman GE, Shelley SA, Nicosia SV,
Cheng JQ. Inhibition of JNK by cellular stress- and TNFa-induced AKT2 through activation of the
NFkB pathway in human epithelial cells. J Biol Chem 2002 Jun 4; [epub ahead of print]

3. Sun M, Wang G, Paciga JE, Feldman RI, Yuan ZQ, Ma XL, Shelley SA, Jove R, Tsichlis PN, Nicosia
SV, Cheng JQ. AKT1/PKBalpha kinase is frequently elevated in human cancers and its constitutive
activation is required for oncogenic transformation in NIH3T3 cells. Am J Pathol 2001 Aug; 159(2):
431-7

4. Sun M, Paciga JE, Feldman RI, Yuan ZQ, Coppola D, Lu YY, Shelley SA, Nicosia SV, Cheng JQ.
Phosphatidylinositol-3-OH Kinase (PI3K)/AKT2, activated in breast cancer, regulates and is induced
by estrogen receptor alpha (ERalpha) via interaction between ERalpha and P13K. Cancer Res 2001 Aug
15; 61(16): 5985-91

PHS 398 (Rev. 4/98) Page 2 FF
Number pages consecutively at the bottom throughout the application. Do not use suffixes such as 3a, 3b.


